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REMARKS 

Reconsideration and allowance are respectfully requested. 

An Information Disclosure Statement cannot be filed at this time because the 
pending Action is final. But to update their disclosure requirement, Applicants submit the 
following four documents that were cited during prosecution of the related European 
Appln. No. 03810513.6: 

1 . Henricks et al. "Stress diminishes infiltration and oxygen metabolism of phago- 
cytic cells in calves" Inflammation 11:427-437 (1987) 

2. Kato et al. "Measurement of chemiluminescence in freshly drawn human blood. I. 
Role of granulocytes, platelets, and plasma factors in zymosan-induced chemi- 
luminescence" Klin. Wochenschr. 59:203-211 (1981) 

3. Mian et ai. "Of stress, mice and men: A radical approach to old problems" in 
Stress and Health: New Research (K. Oxington ed.) New York: Nova Science 
Publ.,pp. 61-79 (2005) 

4. Thompson et al. "The effect of stress on the immune response of Atlantic salmon 
{Salmo salarL) fed diets containing different amounts of vitamin C" Aquaculture 
114:1-18(1993) 

If the Examiner would like to review the prosecution history of the related European 
application or the third-party observations filed therein, she is invited to contact the 
undersigned or to download the relevant papers from www.epoline.org. 

Note that document 3 cited above is a review article by the inventors that was 
published after the effective filing date of this application and would assist in conveying 
the importance of their invention. 

Claims 1-2, 5-14, 16-17 and 23-24 were rejected under Section 112, second 
paragraph, as being allegedly "indefinite for failing to particularly point out and distinctly 
claim the subject matter which applicant regards as the invention." Applicants traverse. 

In the Action, further clarification was alleged to be necessary to understand how 
(c) the comparison of "superoxide production above basal observed in said test whole 
blood sample with superoxide production above basal observed in a control whole blood 
sample as defined in (b) above under the same conditions" is performed. Both measure- 
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merits were made in accordance with the requirements of (b). Claim 1 sets out all the 
essential technical features of Applicants' invention. It is not seen that any change of 
wording is necessary or would clarify the claimed method. 

The essence of the invention is application to whole blood samples of what might 
be termed a "challenge" employing an inducer (e.g., PMA) capable of stimulating super- 
oxide production in neutrophils. There is need for a whole blood sample taken from an 
individual known, or suspected of, exposure to a psychological stressor (the test sample 
of claim 1) and a control whole blood sample as defined in claim 1 (b). In each case (test 
and control), the inducer (e.g., PMA) is added and superoxide production can be moni- 
tored in real time relative to basal (same sample without inducer) . It will be evident that 
a single control result might be used for comparison with many test samples. Claim 1(b) 
specifies determining superoxide production above basal in the test sample after addi- 
tion of the inducer. The comparison is made with superoxide production in a control 
sample above basal after addition of the same inducer. This precisely equates with the 
requirement of claim 1(c). 

As confirmed by the various examples, in test samples taken from individuals 
exposed to a stressful event, superoxide production above basal in the test sample is 
dampened compared with the control. This is accounted for by stress itself causing 
neutrophil activation and PMA-challenge test looking at residual capacity for superoxide 
production in such samples. It is this residual capacity for superoxide production which 
is equated with coping capacity for the stress factor of concern. 

Real time monitoring of superoxide production above basal for test and control 
samples by chemiluminescence assay in response to PMA-challenge is illustrated by 
the examples. Claim 1 is consistent in indicating that comparison of superoxide produc- 
tion can be made at any time point at which the control sample exhibits elevated super- 
oxide production in response to inducer challenge. Thus, referring to Figure 1 of Appli- 
cants' specification, 15 minutes after PMA-challenge test, the control samples from non- 
transported animals showed maximum superoxide production above basal by chemi- 
luminescence assay. At the same time point, test samples from transported animals 
showed far less superoxide production above basal, this being indicative that neutrophil 
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capacity for superoxide production had been dampened by the stress arising from trans- 
portation. 

Applicants request withdrawal of the Section 112, second paragraph, rejection 
because the pending claims are clear and definite. 

Claims 1-5 (sic), 9-1 1 and 23-24 were rejected under Section 103(a) as allegedly 
unpatentable over Tsukamoto et al. (Jpn. J. Hyg. 49:827-836, 1994) in view of Pfeffer- 
korn (U.S. Patent 5,492,816). Applicants traverse. 

It is simply not possible to arrive at the claimed invention from Tsukamoto et al. 
This disclosure has far more in common with the studies reported in Ellard et al. (Intl. J. 
Psychophys. 41 :93-100, 2001), which was cited in the background section of Appli- 
cants' specification on page 2, than the claimed invention. Thus, it is instructive to look 
initially at Ellard et al. (a copy is appended for ease of reference). Both Ellard et al. and 
Tsukamoto et al. rely on determining neutrophil activation by the NBT reduction assay 
technique. This is a histological staining technique which involves counting stained cells 
under a microscope (see page 95, column 1, lines 1-16, of Ellard et al.). This technique 
does not quantify the amount of superoxide produced. Using this technique, Ellard et al. 
showed that a short-term mental stressor causes an increase in the percentage of acti- 
vated neutrophils . This study might be contrasted with Example 4 of Applicants' specifi- 
cation in which blood samples were taken from humans subjected to a mental stressor 
task, and then subjected to a PMA challenge test in accordance with the claimed inven- 
tion to determine residual capacity for superoxide production. This experimental group 
showed significantly reduced responsiveness to PMA compared to controls; the degree 
of responsiveness for members of the experimental group being an indicator of coping 
capacity for the stressor. This is very different concept from the NBT assay of Ellard et 
al. Indeed an important feature of the invention is that whole blood samples can be used 
without reference to leukocyte/neutrophil numbers. 

Like Ellard et al., Tsukamoto et al. use the NBT assay only to compare neutrophil 
activation in blood of mice in response to different caging conditions: Crowd-I control 
conditions (4 mice per cage) and Crowd-ll conditions (16 mice per cage). It appears 
from the Action that the depressed superoxide production noted in section (3) of the 
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abstract for experiment one led to an assumption that Tsukamoto et al. had the same 
objective of Applicants' invention except that a different technique of determining 
superoxide production was used. This is wrong. Tsukamoto et al., like Ellard et al., 
scored neutrophil activation by the NBT assay technique. They were not looking at 
residual capacity for superoxide production. While the abstract refers to "depressed" 
superoxide production, Tsukamoto et al. were not in fact measuring superoxide produc- 
tion as such and moreover reference to the legend of Figure 4 of their paper reveals, 
"Although Crowd-ll conditions tended to be depressed in each test, no significant 
difference was found" (emphasis added). This would seem to apply additionally when 
bacterial cells or endotoxin were added to the samples, presumably to simulate a 
bacterial infection (middle- and right-hand columns of Figure 4). Ellard et al. suggest 
that the Crowd-ll conditions, if causing real stress compared to the lower crowding 
conditions, might have resulted in higher scoring of activated neutrophils. But the essen- 
tial point to note is that Tsukamoto et al. were merely interested in cell numbers affected 
by suspected stressful caging conditions instead of measuring superoxide production. 

Even if one considered carrying out the same experiment except with a chemi- 
luminescence assay for superoxide production, this would not lead one of ordinary skill 
in the art to use a superoxide inducer in a challenge test. Indeed, this would destroy the 
objective of the experiment in Tsukamoto et al., which was to look at the effect of a 
suspected stressor alone (or with simulated bacterial infection) on neutrophil numbers 
and percentage activation. 

Pefferkorn refers to PMA, but merely in the context of test cell systems for modi- 
fying of a conventional luminol chemiluminescence assay by addition of orthovandate 
salt. On page 4 of the Action, reference is made to PMA as "enhancing detection of 
superoxide anion" but PMA is not part of the detection system of a luminol assay. PMA 
is used to simulate neutrophils in one embodiment of the claimed invention. The basic 
concept of the invention is to determine whether the ability of neutrophils to respond to 
such challenge has been dampened by stress. Applicants discovered that whole blood 
samples may conveniently be employed without reference to neutrophil numbers (see 
the Amendment of December 8, 2006 from page 22, 2nd paragraph, to page 23, 3rd 
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paragraph). Thus, the invention is very different from what Tsukamoto et al. were doing 
in their experiment one and involves concepts which are in no way derivable from their 
studies even when the cited references are combined. 

Claims 1-2, 12-14 and 16-17 were rejected under Section 103(a) as allegedly 
unpatentable over Tsukamoto et al. (Jpn. J. Hyg. 49:827-836, 1994) in view of Carlson 
et al. (U.S. Patent 6,319,953). Applicants traverse. 

Applicants' claimed invention necessarily requires a challenge with a neutrophil- 
inducer in whole blood samples and measuring their superoxide production compared 
to basal without inducer. In this way, a measure of residual capacity for superoxide 
production in whole blood samples is obtained which enables very convenient, reliable 
quantification of stress without any need for time-consuming cell counting. As noted 
above, the failure of Tsukamoto et al. to teach or suggest these limitations are not reme- 
died by Pfefferkorn. Here Carlson et al., who disclose a method of screening for stress- 
relieving drugs, also do not remedy the deficiencies of Tsukamoto et al. Therefore, the 
claims are not obvious over the combination of the cited references. 

Withdrawal of the Section 103 rejections is requested because the invention as 
claimed would not have been obvious to one of ordinary skill in the art at the time it was 
made from the combination of Tsukamoto et al., and either Pfefferkorn or Carlson et al. 

Having fully responded to all of the pending rejections contained in this Office 
Action, Applicants submit that the claims are in condition for allowance and earnestly 
solicit an early Notice to that effect. The Examiner is invited to contact the undersigned 
if any further information is required. 



Respectfully submitted, 
NIXON & VANDERHYE 




By: 



901 North Glebe Road, 1 1th Floor 



Arlington, VA 22203-1808 
Telephone: (703) 816-4000 
Facsimile: (703) 816-4100 
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Department of Pharmacology 
P.O. Box 80 J 76 \ 3508 TD Utrecht 
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Abstract— The influences of a stress situation on the phagocytic cell function before 
and after infection with Pasteurella haemolytica were measured in calves. No dif- 
ferences in phagocytic and metabolic activity of alveolar macrophages (AMs) were 
observed in vitro between cells isolated from stressed and nonstressed animals. The 
uptake of bacteria and the migration of polymorphonuclear leukocytes (PMNs) did 
not differ. However, the production of superoxide by PMNs isolated from stressed 
animals was significantly diminished as compared to control PMNs. The stressed 
and six of the nine control calves were then infected intrabronclually with P. hae- 
molytica. Phagocytic cell function was again evaluated after three days. The lavage 
fluid obtained from the lungs of the infected animals contained about three times 
more PMNs and six times more AMs as compared to the lavage fluid of the control 
calves. However, the increase in phagocytic cell numbers was less by half in the 
calves infected after the stress period. No differences were detected in phagocytic 
and metabolic activity of PMNs and AMs among control, infected, and stressed and 
infected calves. However, the chemotactic activities of PMNs obtained from in- 
fected stressed and infected nonstressed animals were diminished as compared to 
control PMNs. In conclusion, the metabolic responsiveness of PMNs is diminished 
and the accumulation of phagocytic cells at a site of infection is reduced after a stress 
period. 



INTRODUCTION 

Bovine respiratory tract disease complex, known as shipping fever pneumonia, 
'is one of the most important causes of disease and mortality in cattle. Initial 
viral infections and stress factors are thought to contribute to the facilitation of 
the clinical pattern. Pasteurella species, especially P. haemolytica type Al, are 
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the principal causes of the advanced clinical signs, terminal lesions, and fatality 
0) These bacteria produce toxins which are cytotoxic to phagocytic cells of 
bovine, m vitro (2-5). However, previous exposures of thermal to viral 
infection and/or a stress situation are necessary to induce experimentally an 
infection with P. haemolytica (6-9). Phagocytic cell function and muco L " 
clearance can be depressed by viruses (9-12). Stressful conditions TcZt Z 
plasma Cortisol levels of bovines (8, 9) which impair phagocytic ctnZZkZ 
and give rise to an increased susceptibility to bacterial infection (8 13 

In the lung the primary defenders against inhaled particles and microor 
ganisms are the alveolar macrophages (AMs) . These cells exhibit a variety of 
b,olog.cm activities, such as phagocytosis and killing of microorganisms and 
secretion of enzymes, reactive oxygen metabolites, and arachidonic acid me 
tabohles, such as prostaglandins and leukotrienes. During infections or inflam 
TZ7 ,™ Ch °? t 11 !, ******** cells ' su <* as polymorphonuclear leukocytes 

am \T Ct f t6d in the iUng ti8SUes which in ™™te from toe M^T 

Although- data exist on the effects of stress on the susceptibility ofTh >ho« for 
infect.ons with P. haemolytica (6-9) and on the effects of ^SoWltt^ 
by P. haemolytica on phagocytic cell function in vitro (2-5) t£« *T 
no data concerning phagocytic cell activity during and/or Jlr T St 
flowed by an infection. Z our study we^nt^^^ 
blood PMNs in calves, immediately after a stre^ nP ri^ ™- , 

w d h p - h rr ytica and L pha ^< 

TLTlt ^ f St3rt ° f the infCCti0n ' With or a previous stress" 

pcnod It was found that stress influenced the oxygen metabolism of PMNs "nd 
the influx of phagocytic cells in the lung during infection 



MATERIALS AND METHODS 



Animals and Experimental Design. Studio «,«„> . 

calves. approximately 5 months old and «S^^S3Tt-°lth f * ^ daiiy 
preparation). According to serum neutnUizatton tesls Tnd M» * aL (manusc *P' in 

during the experiment, the calves vJ^Kf^SS^f 5 7^ CU ' lUreS before ™« 

virus, pnrainnuenza-3 virus, bovine ^^^2" (b ° Vi " e ^notrachcitis 
showed serum neutralization titers against boWne vims dia 2 a The ex ^nm^ ^ COntr °' ^ 
in three successive series of five calves: one control cal ' *™ T nmCntS were carrie d out 
W^v,/c„ type A . strain (I), and another two caWes ino u a T d ZltT "T^ * * 
after a stress period (S-H). Stress was induced by fore TnTtU^ZTS 7" immedia,e 'y 
6 km/h) for 2 h and by keeping the ca.ves soaking wet wit co d water ?u" ' "Th^" (SpCCd 
a.rstream (15'C). After the stress period and lung lava Jn n^H 1 , " g them in 3 cold 
were inocu.ated with 15-20 ml P. W^ typ aTn'o" m' ? ^ "* gr ° UP 1 Bnd 5+1 
and again 3 h later with ,0-15 ml bacteria suspension 0 C " CTwlT" 
veolar cell sampling and peripheral blood samples were ,2L - C J. U/ml) - Lun S !av ^ges for al- 
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Bacteria. P. haemolytica type A.1 (generously supplied by Dr. N.J.L. Gilmour Moredun 
Research Institute, Edinburgh, Scotland, U.K.) was grown in brain-heart infusion at 37°C After 
3 h. the suspension contained 10 8 -I0 9 CFU/ml and after 6 h, 10M0" CFU/ml These bacteml 
suspensions were used to infect the calves. E. coli strain PC 2166 was used for the quantitation of 
phagocytosis. This bacterium was grown overnight at 37°C in 5 ml Mueller-Hinton broth fDifco 
Laboratories, Detroit. Michigan) to which 0.02 mCi of [^thymidine (specific activity 5 Ci/mmol- 
Amersham, England, U.K.) had been added. The desired concentrations were obtained snectro' 
photometrically after the bacteria had been washed three times and suspended in phosphate-buffered 
saline (PBS). Opsonization was achieved by incubating bacteria for 30 min at 37°C in a dilution 
of serum in Krebs-bicarbonate buffer. After incubation, the mixtures were centrifuged (15 min 
1600^). the supernatant* were discarded, and the bacteria were resuspended in Krebs-bicarbonate 
buffer to 10 bacteria/ml. Nonopsonized bacteria were prepared in a similar fashion exceot for the 
omission of an opsonic source. 

Serum. Serum obtained from the blood of 10-15 bovines was pooled and stored in 1 ml 
portions at -80°C (pooled bovine serum). Serum was thawed shortly before use and diluted to the 
final concentration of 0-1% (v/v) in Krebs-bicarbonate buffer. 

Preparation of AM Suspensions. AMs were obtained by lavage of the luncs of the calve* 
by fiberoptic bronchoscopy (Olympus CIF type XQ; PR 90 cannula). Each animal was placed in 
a box, and the head was immobilized. The. fibroscope was introduced into a nostril and passed 
through the bronchi into the right diaphragmatic lobe, approximately 25 cm caudal to the bifurca 
tion. Then 50-60 ml of a sterile phosphate-buffered saline solution (pH 7.4) was slowly injected 
under optical control and aspirated under vacuum. The procedure was repeated two to three times 
until ±100 ml lavage fluid was collected into plastic tubes. Cells were sedimented at 400* for 10 
min at 4«C and resuspended in Krebs-bicarbonate buffer. The cell suspensions were carefullv 
layered onto Ficoll-Paque (Pharmacia Fine Chemicals AB, Uppsala, Sweden). After centrifugation 
for 35 min at 240 5 , the monuclear cell layer at the interface was collected and washed twice with 
buffer. The final cell preparations contained 5 X 10 6 AMs/ml of Krebs-bicarbonate buffer Via 
bility was assessed by trypan blue exclusion. Characteristics of AMs and differentiation of cell 
types were measured by morphology. 

Preparation ofPMN Suspensions. Peripheral blood samples were collected by jugular vein 
puncture in heparinized tubes. Blood was centrifuged at 400* for 10 min, and the plasma was 
withdrawn. The cell pellet was resuspended in 40 ml 13.2 mM phosphate buffer ( P H 7 2) After 
50 sec, 20 ml of 13.2 mM phosphate-462 mM NaCl buffer (pH 7.2) was added and mixed The 
blood cells were centrifuged (10 min. 240g) and resuspended in 24 ml Krebs-bicarbonate buffer 
The cell suspensions were carefully layered onto 4 X 3-ml Ficoll-Paque. After centrifugation for 
35 min at 240$, the mononuclear cell layer at the interface was removed. The PMN pellet was 
washed three times and the final PMN suspensions were adjusted to a concentration of 5 x 10 6 
cells/ml of Krebs-bicarbonate buffer. 

Quantitation of Phagocytosis. Phagocytosis was studied by using f 3 H]thymidine-labeled 
bacteria (14). Samples of 0.2 ml of AM or PMN suspensions (5 X 10 6 cells/ml) were mixed with 
0.2-mI aliquots of the suspensions of opsonized and nonopsonized E. coli (10 8 bacteria/ml) These 
mixtures were incubated in a shaking waterbath at 37°C for 2, 5, 15, or 30 min. After incubation 
2.5 ml of ice-cold PBS was added to stop the phagocytosis reaction. The AMs or PMNs, together 
with cell-associated bacteria, were separated from unassociated bacteria by centrifugation at 180* 
for 5 min at 4°C and by washing three times in cold PBS. AM or PMN pellets were solubillzed in 
scintillation liquid and radioactivity was measured in a liquid-scintillation counter. Total radioac- 
tivity was determined by centrifugation of AMs or PMNs with all bacteria at 1600* for 15 min 
The amount of cell-associated radioactivity at each of the four time periods was expressed as the 
percentage of the total radioactivity that was available during the incubations. 

Superoxide Anion Generation. Generation of superoxide anion was assayed by measuring 
the reduction of ferricytochrome c (horse heart type VI. Sigma Chemical Co., St. Louis Missouri 
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by using a modification of the method described by Babior et al fl«n TW r ^ t - 
contained 2.5 x 10 « AMs or PMNs, 90 ^mol ferric tochrome , an 5 m fi zy mo an (ST 
preopson.zcd in 100% serum, or , x 10« AMs or PMNs, 90 ferricytSrome c and 1o t 

phorbol mynstate acetate (PMA; Sigma) in Krebs-bicarbonate buffer (final volume 1 ml) Pat2 
reaction mixtures with and without superoxide dismutase (EC 1 . 15. 1 . 1 , bovine blood type I Sterna- 
100 /xg/reacfcon mature) were employed. All the compounds wem added to biovia s Id tT' 
,n a waterbath at 37»C. After incubation, the reaction mixtures were centrifuge* at 4 »c far m 
at 740, The difference in absorbance of the supernatant fractions was determined at 550 nm Z 
double-beam spectrophotometer. Nanomoles of ferricytochrome c reduced were determined f om 
the mcrease m absorbance at 550 nm by using the extinction coefficient E„ ()nm = 2 . l7l ij</w 



Chemotactic Activity. Chemotaxis of PMNs was determined using (he under-acarose teeh 
mque (16). PMN suspensions (5 M l; 5 X J 0 ' ceMs/m,) were placed in one well (diameter 2 4 mm)" 
that had been cut into agarose; another well (2.7 mm apart) contained 5 A l of pooled bovine serum 
The plates were mcubated at 37°C in a humidified atmosphere of 5% CO% 5 % air for 1«T* 
Migration distance was calculated as migration towards serum minus spontaneous migration in L 
opposite direction. 6 JU " In me 

Statistical Analysis. Results have been expressed as the mean of three or more independent 
observaUon ± standard error of the mean (SEM). For significance analysis, Student'.",* " wt 
perfonned. P values exceeding 0.05 were considered not significant. 



RESULTS 



Characteristics of Bronchoalveolar Lavage Fluids. During the lavace of 
the lungs of the calves, about 50-70% of the injected solutions were regained 

aT STT"' The C6llS in th£ bronc hoalveolar fluids were mainly 
AMs and PMNs . Smaller amounts of lymphocytes «5%) and epithelial cells 
«2%) were also observed. The viability of the cells was 70-80% The total 
numbers of AMs harvested from bronchoalveolar fluids of the control erouo 
p"Jm Stn T d g T P WCre n0t difFerent - A Sma11 increase ^ the amount of 

™:r^TatL\T uids isolated from stressed — ™ » 

After the lavage procedure, the stressed animals and six of the nine control 
animals were mfected mtrabronchial with P. haemolytica. After three daT 
phagocytic cells were more numerous in infected calves than in control ariimS 
(Table 1). However, in the animals infected after a stress period, the increTse 
of phagocync cells was less by half compared to infected, nonstressed anTma" 

Phagocytic and Metabolic Activity of AMs. The uptake of bacteria on 
sonized in 0 or 1 % serum, by AMs was determined in vitro. No differe"^ ;Tn 

sxw^s^r different sroups of caives were 

T ° examine the metabolic activity of the AMs isolated from the bronchoal- 
veolar lavage flmds of the different animals, these cells were incubated with 
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Table 1. Recovery of Phagocytic Cells from Bronchial Lavage Fluids of Calves" 







Viability 


AMs 


PMNs 




Day 


Group 


(%) 


\a i <j /mi) 


(xlO'Vml) 


N 


0 


C 


72 + 3 


15.8 ± 1.7 


3.6 ± 1.0 


9 


0 


S 


74 + 4 


19.4 ± 5.1 


8.8 ± 1 .6'' 


6 


3 


C 


81 ± 3 


17.7 ± 3.4 


9.6 ± 2.6 


3 


3 


I 


85+2 


58.0 + 11.8' 


60.8 ± 4.3'' 


6 


3 


S + I 


81+2 


30.0 ± 5.9 


34.5 ± 3.7' /r 


6 



"The lavage procedure was performed on control (C) and stressed (S) animals on day 0 and on 
control (C), infected (I), and stressed and infected (S + I) calves on day 3. Data represent the 
number of ceils determined in 100 ml lavage liquid. 

h P < 0.05 compared to control values of the same day. 

C P < 0.02 compared to control values of the same day. 

d P < 0.001 compared to control values of the same day. 

r P < 0.001 compared to infected values of day 3. 




1% Serum 



0% Serum 



minutes 

Fig. 1, Phagocytosis of E, coli, opsonized in 0 or 1 % serum, by AMs isolated from control (O) 
and stressed (A) animals on day 0 and from control (O), infected (ffl), and stressed and infected 
(A) animals on day 3. The 10 6 AMs were mixed with 2 x 10 7 radiolabeled bacteria and incubated 
for 2, 5, 15, and 30 min at 37°C. Unassociated E. coli were removed by washing and centrifu- 
gation. From the amount of cell-associated radioactivity, the uptake of bacteria was calculated. 
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Fig. 2. Production of superoxide by AMs isolated from control (□) and stressed fPl\ „„i m . 
day 0 and from controi (□). infected <■). and stressed and in ecte ca ves fn dav 3 Th" 
AMs were stimulated in vitro with PivIA or opsonized zymosan. The 2 5 10* AMs terc el 
w,th 2.5 mg zymosan or 1 X 10" AMs with 10 ng PMA. To the reaction mixtures 90 ,Z r 
cytochrome c wa S added. The incubation took p,ace for 10 min a, sZTTter Z^Zfte AM," 
and the zymosan by centrifugation, the amount of superoxide produced was deZ ed h 
suring the absorbance of the reaction mixture at 550 nm. detcrm.ned by mea- 



dtfFerent stxmuh (opsonized zymosan and PMA) and the amounts of superoxide 
generated were detected by using ferricytochrome c. No differences were ob- 
served between cells of control and stressed animals on day 0 (Figure 2) All 

ZuZf n °d S f ^Tt^™™ hl mStab0liC ca P-^y existed 8 between the 
cells obtained from the three groups of animals (Figure 2) 

Functional Activities of Blood PMNs. From each animal, heparinized 
venous blood was collected on day 0 and day 3 and PMNs were isolated and 
punned. The total numbers of PMNs isolated at day 0 were equal in the differ 
ent groups of calves (2.4-3.7 x 10 7 cells/10 ml blood). The isolated I PMN, 
were tested in vitro for several phagocytic cel. activities. The u tat of op^n 
ized and nonopsonized bacteria did not differ between PMNs isolated ft™ 
stressed and control animals on day 0 (Figure 3). Also no d ffel ces lZ 

o" TfCTT CaP3City b6tWeen PMNS ° f thrCe 

The amount of superoxide generated by PMNs isolated from stressed an 
ttnals was stgntficantly diminished as compared to control PMNs (Rgure 4)~ 

In^^m^ 

tected: PMNs isolated from infected J ZL^ 
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1% Serum 



0% Serum 



minutes 



Figure 3. Phagocytosis of E coli by PMNs isolated from control (O) or stressed {A) calves on 
day 0 and from control (O), infected (IS), or stressed and infected (A) calves on day 3 PMNs 
(10 cells) were incubated with radiolabeled opsonized and nonopsonized E. coli (2 x 10 7 bacteria) 
for 2, 5, 15, and 30 min at 37°C. Unassociated bacteria were removed by washing and centrifu- 
gation, and the uptake of E. coli was calculated from the amount of PMN-associated radioactivity 
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Figure. 4. Production of superoxide by PMNs isolated from control (□) or stressed (0) calves 
on day 0 and from control (□), infected (H), or stressed and infected (E3) animals on day 3 during 
stimulation with PMA or opsonized zymosan. The 2.5 X 10 6 PMNs were mixed with 2.5 mg 
zymosan or 1 X 10° PMNs were mixed with 10 ng PMA in the presence of 90 fj.M ferricytochrome 
c and incubated for 10 min at 37 °C. The PMNs and the zymosan were removed, and the absorbance 
of the supernatant fraction was measured at 550 nm to determine the amount of superoxide pro- 
duced. *P < 0.05 compared to control values. 
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Fig. 5. Chemotaxis of PMNs isolated from control (C) or stressed (S) calves on day 0 and from 
control (C), infected (I), and stressed and infected (S+I) animals on day 3. Chemotaxis was per 
formed under agarose and using activated serum as attractant at 37°C for 18 h in a humidified 
atmosphere of 5% C0 2 -95% 0 2 . Migration distance was measured microscopically in millimeters 
and directed migration was calculated as migration towards activated serum minus spontaneous 
migration. *P < 0.001 compared to control values. F"»«neous 

produced as much superoxide as PMNs obtained from control animals (Figure 

The chemotactic response of the PMNs was assayed under agarose towards 
activated serum. PMNs obtained from stressed animals migrated equally well 
as control PMNs at day 0 (Figure 5). On day 3, a decrease in chemotactic 
activity was observed in PMNs obtained from infected (stressed and non- 
stressed) animals compared to control PMNs (Figure 5). 



DISCUSSION 



Bovine respiratory disease is considered to be caused by the interaction of 
the animals with environmental factors, such as viral infections and/or stress- 
transportation, handling, cold, crowding (1, 6-9). These factors may influence 
or alter normal host defense against bacteria, resulting in an enhanced suscep- 
tibility of the animals for infections with Pasteurella species, especially P hae- 
molytica However, the exact mechanisms of how stress factors could influence 
host defense mechanisms is unknown. Investigation to the effects of stress fac 
tors such as cold or transportation, are mainly performed on very young calves 
(8, 17). In these animals, a short-lasting increase in plasma Cortisol levels is 
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found (8, 17). In older calves (6-8 months old), handling results in elevated 
plasma Cortisol levels which remain above normal for at least three days post- 
challenge (9). In our study, older calves were used (5-6 months old), so plasma 
Cortisol levels could be expected to be increased for several days. 

Cortisol is a naturally occurring glucocorticoid which has antiinflammatory 
and immunosuppressive actions. When synthetic glucocorticoids, like dexa- 
methasone, are administred in vivo to cattle, PMN oxidative metabolism cy- 
totoxicity, and ingestion are supressed in vitro (13). The set-up of Roth' and 
Kaeberle's investigation (13) is similar to the set-up of our experiments: in- 
creasing natural corticosteriod levels by dexamethasone administration instead 
of stress and testing phagocytic cell function in vitro to evaluate the effects of 
the handling on the phagocytic cells. The metabolic activity of the PMNs was 
decreased in stressed animals compared to nonstressed animals, which could be 
caused by enhanced levels of glucocorticoids. No effects on chemotactic and 
phagocytic cell activity were observed. In contrast, Roth and Kaeberle found 
decreased ingestion of bacteria and enhanced random migration of PMNs after 
dexamethasone administration (13). Possible explanations for these discrepan- 
cies may be the difference in age of the animals and/or the differences in po- 
tencies of action of dexamethasone and Cortisol. 

Besides Cortisol levels, plasma levels of catecholamines are also increased 
in response to stress (18). In general, these hormones influence cell function by 
interaction with adrenergic receptors, present on the cell membranes, which 
results in altered cyclic- AMP levels intracellularly. Some data on cyclic-AMP 
metabolism and phagocytic cell function are present in the literature. Phago- 
cytic cell responses are depressed by exogeneous cyclic-AMP and agents that 
elevate intracellular cyclic-AMP levels (19). Also, /3-adrenergic receptors have 
been characterized on rat peritoneal macrophages (20) and /3-adrenoceptor ag- 
onists can modulate the release response of these cells (21). The decreased 
metabolic activity of PMNs after a stress period could be caused by increased 
cyclic-AMP levels in these cells due to stimulation of jS-adrenoceptors by en- 
hanced levels of adrenaline or noradrenaline in the blood stream of the calves. 
No effects of stress on the uptake of particles was observed. In previous studies 
(22), we also did not observe effects of cyclic-AMP-inducing agents on phag- 
ocytosis of PMNs. The stress situation did not alter the metabolic and phago- 
cytic responsiveness of the AMs of the calves. This observation supports the 
hypothesis that circulating factors in the blood, which do not reach the AMs 
present in the bronchoalveolar space, are involved in the changes in PMN func- 
tion. In a following experiment, we will try to quantitate the levels of Cortisol 
and catecholamines in the circulation of the different groups of calves. 

In the second part of our study, the animals were infected intrabronchially 
with P. haemolytica. After three days, increased numbers of AMs and PMNs 
were harvested from the lungs of the infected animals. However, the accumu- 
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iation of phagocytic cells in stressed animals was less by half compared to 
nonstressed animals. The accumulation of PMNs and macrophages at a site of 
infection is necessary for host resistance. Bassett and Tait (23) demonstrated a 
reduction in the total numbers of leukocytes migrated into the peritoneal cavity 
of stressed rats injected with glycogen. This phenomenon is probably due to an 
increased adhesiveness of PMNs in stressed animals (24). Increased PMN ad- 
herence is associated with a decreased ability of PMNs to migrate (25), result- 
ing in fewer phagocytic cells accumulated at the site of an infection. 

In conclusion, we found metabolic responsiveness of PMNs diminished by 
stress and reduced numbers of PMNs and AMs accumulated in the lungs of 
stressed, infected animals. These phenomena could contribute to the develop- 
ment of P. haemolytica infections during stress situations in the animals. 

Acknowledsments-The authors thank Ms. Helen van der Vliet and Ms. Betty van Esch for their 
excellent technical assistance. 
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Measurement of Chemiluminescence in Freshly Drawn Human Blood 

I. Role of Granulocytes, Platelets, and Plasma Factors in Zvmosan-Induced Chetnllumincscence 

T. Kato\ H. Wokalek 1 , E. Schopf 1 , H. Eggert 2 , M. Hrnst 2 , E. Th. Rietschcl 2 , and H. Fischer 2 

1 Hautklinlk, University of Freiburg, Freiburg i,Br, 
1 Majt-Plnnck-Ingtliut fur lmmunbinlogic, Preihurji i.Br. 



Summary. The present investigations were undertaken 
to find out whether chemiluminescence measurements 
of stimulated granulocytes tan be carried out in fresh' 
ly drawn blood and ~ because of the ease of the 
method - be introduced into routine diagnostics. 

Blood was drawn from the cubiLai vein of healthy 
volunteers at various times and under various condi- 
tions. Subsequently the zymosan induced and luminol 
amplified chemiluminescence was recorded and ana- 
lyzed. It could be demonstrated that variations existed 
between individuals which can, however, be mini- 
mized when photon counts obtained under standard 
conditions were related to the number of granulocytes 
presen I m the blood samples. It could be further dem- 
onstrated that also platelets arc activated by zymosan 
as well and that they, contribute to the total chemilu- 
minescence by a share of about 5%. Platelet chemilu- 
minescence can effectively be suppressed by aspirin. 
Opsonising factors in plasma (presumably antibodies 
and/or complement) play a decisive role in the intensi- 
ty and kinetics of blood chemiluminescence. Measure- 
ments of zymosan induced chemiluminescence in 
freshly drawn unfractionated and fractionated blood 
seem to be especially suited to monitor and analyze 
deviations and defects of the cellular and humoral 
defence mechanisms. 

Key words: Chemiluminescence in whole blood - 
Granulocyte chemiluminescence - Platelet chemilu- 
minescence - Opsonins 

Chemilumineszenz-fvlessung Sn humanem VoDblut 

2. Die Rolle ron Granuloxyten, BlmplJiuchea mid P tomato luoren 
bet der ZymoAfliwiuhuicrtcj) CftemUumtncswrn?, 

Zusaramenfassung* Die vorliegenden Untcrsuchungen 
bilden die Grundlage. urn die im Prinzip schr cinfache 
Messung der Chemilumincszenz stimulierter Granu- 
tocytcn infrisch gewonnenem Vollblut durchzufOhren 



und damit ftir die einfache B-outine-Diagnosiik an- 
wendbar zu machsn. 

Gcsundcn Freiwilligon wurde zu verschiedenen 
Zcitcn und unter verschiedenen Bedingungcn kubita! 
Venenblut entnommcn und anschlieflend die durch 
Zymosan induzierte und durch Luminol versterkte 
ChcTnilumincszcnz analysicrt. Die Chemilumincs* 
zenz-Kurven verschiedencr Individuen zeigten Varia- 
tionen, die jedoch vcrringert werden, wenn die unter 
Standardbcdingungen gemessenen Photonen auf die 
Zahl der im Blut vorhandenen Granulocyte bezogen 
werden. Es zeigte sich fernet\ daii Blutpliittchen eben- 
falls durch Zymosan aktiviert werden und zu etwa 
5% an der gesamten Chemilumineszenz beteiligt sind. 
Die PlStlchen-Chemilumincszcnz llflt sich inden 
durch Zuaatz von Aspirin nahezu vollstundig aus- 
schalten. Von entscheidender Bedeutung ftir die In- 
tensity und Kinetik der im Vollblut gemessenen Che- 
mikirrjincszcnz ifit die Anwesenheit opsonicrender 
Plasma-Faktorcn (Antikorpcr und/oder Komple- 
ment). 

Die Mcssung der Chcmilumineszcnz im Vollblut 
erscheint uns geeignet, sowohi Abweichungcn der zcl- 
lularen wie der humoralen Abwehrfunktionen rasch 
und ehifach zu erkennen. 

Schllfasehvttrter : Chemilumineszenz in Vollblut- Gra- 
nulocytonchemilumineszenz - Blutplattchenchemiiu- 
mincszenz - Opsonine 



Since the discovery that intact granulocytes emit pho- 
tons during the phagocytosis-induced metabolic respi- 
ratory burst [1], a multitude of work has been per- 
formed in order to clarify the nature and interrelation- 
ship of these two phenomena. By now, it is well estab- 
lished that granulocytes do respond to exterior stimuli 
with an increase in univalent reduction of molecular 
oxygen which leads to the generation of superoxide 
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anion (OJ). Superoxide "anion can act cilher as a 
rcduciam or an oxidant tnti superoxide derived reac- 
tive oxygen species appeal to be responsible for the 



endent) bactericidal activity 
lion of chemi luminescence 
h, 30]. Thus, measurements 
Used for the detection and 
olic and functional granulo- 



granulocytes (oxygen dec 
and also for the genera 
(CL)[2, 3, 5, 7,8, 15, 20, 
of CL have been widely 
characterization of meta'26 
cytc defects [4, 16, 29, 32|| 

In mosl studies reposed so far, purified and 
washed granulocytes havkjbeen used, and special caie 
was taken to avoid comtihiunation with erythrocytes 
or hemoglobin which q: inches or absorbs most of 
the generated photons. Tliis implied that prior to test- 
ing the cells underwent time-consuming procedures 
and finally expressed fr ictions which possibly did 
not mirror the original h; vivo situation. Mention, 
however, has been made iy various authors that gran* 
ulocyte function in vivo, i.jei in blood or in the micro- 
environment of infiamm^bry sites is greatly modified 
by the presence of other ;$Hs, by mediators generated 
from platelets during blood clotting or by antibodies, 
immune complexes and :pinriplement components (9. 
11. 12, 14, 17, 19, 33, 35, 391. In order to study 
cellular functions under r ;itural conditons, an attempt 
inifreshly drawn unfraction- 
report our first results. 



was made to analyze CL 
ated blood [38]. Wc here 



Materials and Methods 



Chmktih and Mctiia 



U-dihVd; 



Zymosan (lot not, DZ-3185) 
(Orangeburg. N.Y.), Liqucmir 
sodium heparinale from Servu 
tr&te-S.S-hydrate from Merck 

Lumjncl (J-nmino-2, 
chnsed from Sigma (MQnchcn 
Novo-Pyrexal) was ft gift of 
LysyUcciylsslicylatc (Aspegic) 
(Amilly, Frnncc). 

Dulbecco's modified 
(50 mM, pK 7.4) (and lacking 
of Wood samples and for re; 
medium, EKM). 

Luminol was rendered 
(PBS) In ihe following way: lufvl 
0 it.)) and tricthyt amine (3 u\) 
so/ilcaii on the solution was 
(0.45 umj and stored in th 

Zymosan wns suspended 

ml 



B\ood Samples 

Venous blood was dra*n fronj 
donori who hud noi taken uspn 
of 21 days previously. HcpsriA 
an anticoaaulant {10 W/ml). H f 



obtained from B:eton Dickinson 
from Roche Pharmaceuticals Inc., 
Heidelberg, FRG) and sodium ci- 
flsjnmtadt, FRG). 

ro-l,4-phtAlftzinedionc) was pur- 
FRG) tind Hpupolysaccaride (IPS, 
C Galnnos (Freiburg. FRG). 
obtained from Labo/atoire £gic 



Ea;lc ,: s medium containing HEPES 
NaHC0 3 ) was used for dilution 
{sponsion of cells HEPES 

scjljublc in phosphate buffered saline 
iJnol {2 mp) was *ui pended in PBS 
fas added. After shaking and ultra- 
fessed through u Millipore fHier 
i daft ai -20 °C. 

F.H M at r concentration of 50 m if 



iKe cubitnl vein of normal human 
fcor indomeihacin for d minimum 
(Liqucmin) was generally used rts 
"op use. heparin bed blood samples 
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were kept ai 0-4 "C. For CL measurements. heparini*cd blood 
(0.1 ml) wus diluted wiih Eagle HHP US medium (0.4 ml). 

Granulocyte* in blood and platelets in platelet-rich plasma 
were counted in a Neubaucr chamber usinj; novocabfi (3%j for 
platelet And acetic acid [}%) for grunulocyte counting. 



Absorption of Pfusnw with Zymosan 

Fresh heparin i*cd blood wa; ccntnfuged (250 g. 5 min) and the 
supernatant (plate let- rich plasma. PR?) ccntrifuged again at higher 
Speed (1,400 g. 10 min). To the supernatant, representing essentially 
ccJI free plasma (0.1 ml), graded amount! of 2ymosan (50 to 
1,000 mt, suspended in 0.5 ml EHM) were added (totaj volume 
O.fi ml). This mixture was incubaicd 40 m in, 37 X.) and after ccn- 
triAigation (1.400 g, 10 mia). subjected to Ct. analysis. 



Chvm llumtfltscvncc Assay 

For CL measurement*, ft Biolumat (model LB 9500. Berthold, 
Wild bad. FRG) was used in a semidarkened room. The sample 
to be analyzed \vu,t mixed with luminol (10 pi), pipetud into a 
round-bottomed vial (1 ml), placed into the Biolumat counting 
chamber (37 °C), and background CL was recorded. After 10 min. 
Zymosan (in general 500 ug, in 10 pi EHM) was added. CL was 
continuously monitored using a Servogor recorder (mode) 210, 
BBC Goer*). Counts per minute (cpm) wctc plotted simultaneously 
by an interface connected Jlcwlcct Packard calculator (model 97S). 



Results 

CL of Fresh Blood 

Fresh Yenous blood (1 ml) was drawn from human 
volunteers, mixed with heparin (Liqucmirt, 10 lU/ml) 
and diluted with Eagle's HEPES medium (EHM, 
4 ml). To an aliquot (0.5 ml), luminol (10 was add- 
ed and the mixture (in a 1 ml vial) placed into a 
Biohzmat counting chamber (37 °C). After 10 min, 
zymosan (500 \ig, 10 uf) wag added and CL monitored 
continuously. 

CL was first evident approximately 5 min after 
the addition of zymosan; it reached a maximum after 
18-28 min and thereafter declined (Fig. 1 A). Occa- 
sionally, a small peak occurred 5 8 min after zymosan 
addition. If luminol was omitted from the blood sam- 
ple, CL was not seen (Fig. 1 B). 

Blood samples obtained from different donors 
(n = 3 5) showed variations in their light emission par- 
ticularly at peak CL (18-28 min after zymosan addi- 
tion (Fig. 2). On the other hand* no difference or 
only slight differences in zymosan-induced CL were 
seen with samples of one donor obtained on different 
days (data not shown). Also, only minor differences 
were seen in CL between blood samples taken in 
the morning (6.4 x 10 5 ±0.48 x JO 5 cpm) and in ihe 
afternoon (5,8 x 1 0 s ± 0.75 x 1 0 s cpm ; 5 donors and 
15 measurements in both cases). 
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Ft*, h Aelual record of zymf 
freshly drawn human venous 
jurolnoJ) 
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Fig. 2 - Variation of zymosan, 
blood obtained from IS hum* 



Blood samples of indi 
icd greatly in their granvlj 
cytea have previously be«i 
bation with zymosan [I 
thai granulocytes were 
blood CL. Therefore, < 
were expressed as cpm 
(Fig, 3), The dramatic d{ 
calculated from individ 
ulocytes may indeed ph: 
san-induccd CL of fresi 

This assumption Wf 
involving blood samples 
locytosis had been indv 
tion of bacterial lipop 
samples were taken fror' 
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dual donor??, however, var* 
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shown to emit CL on incu- 
| was tentatively assumed 
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fesults described in Fig. 2 
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Samples suggests that gran- 
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Fig. 3. Zyrn own-induced c hem i luminescence of fresh human 
blood; relation 10 granulocyte counts; PMN = polymorph nuclear 
neutrophil* 

TftblB J, Zyroosan-induced chemiluminesecncc and granulocyte 
count? in fresh blood from control and lino polysaccharide (LPS) 
prcireated human donors 



Experi- 
ment 


Granulo- 
cyte* 


Oicmi- 
luminescenee 


Clicmi- 
lumincscenec 


no. 


before nt'tcr 
LPS LPS 


before after 
LPS LPS 


before uflcr 
{.PS LPS 




10-*cc!h/m] 


cpm * 10"* 


cpm*ltr'xlir* 
Granulocytes 


1 

2 
3 


2.0 5,6 

5.3 7.3 

2.4 5.0 


4.34 11.13 
9.22 13.30 
4,11 S.59 


2.17 1.99 
1.74 170 
1.71 1.72 



LPS treatment (6x0.2pg) and both granulocyte 
counts as well as the zymosan-induced CL were esti- 
mated (Table 1). In three experiment*, LPS induced 
a significant granulocytosis, and blood samples from 
leukocyiotic donors exhibited a greatly enhanced CL 
response (Table 1). However, if this response (cpm) 
was exposed relative to 10 J granulocytes a compar- 
able value in samples of both normal and LPS-treated 
donoTs v/ar obtained (without LPS: 1 .87±0,26 cpm x 
1CT 3 PMN; with LPS: 1.80±G\16 cpm * 10" 3 PMN; 
mean of 3 experiments). This result again suggests 
that in zymosan-induccd CL of fresh blood granulo- 
cytes play an essential role (see below). 



Dependency of CL on Heparin Dose 

In The experiments discussed so far. Liquemin had 
been added to fresh blood as an anticoagulant in 
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to fresh human blood 6 i |(hc heparin dose 

a final concentrati(iii|)f 10 FU/ml. To test its possible 
modifying inHuencijin zymosah-induced CL, graded 
doses of Liquemin MlOQ IU/m() were added to blood 
samples and, after Miosan (50dug) addition CL was 
measured. In Fig. 4| tie dependency of peak CL (ex- 
pressed as cpm x l( M x ID-* PIV1N) on the Liqucmm 
dose is shown. It lj;|ridcm that with lOIU/ml, CL 
is maximally expnteed while smaller (5 IU/ml) and 
particularly larger Hjpfces suppress CL (Fig. 4B). A 
similar dose depeiljjjttit inhibition of CL was «ccn 
using sodium hepaibNte (Fig, 4 A). This latter finding 
shows that supprdiiiW of CL by Liqucmin was not 
due to possibly pjfejjnt radical- scavengers such as 
phenol, but was an * 
experiments furthc 
heparin dose of 10 . 
amount prevents cost 
expression of CL. ,;j 

The influcace oHi;odhun citrate (3,8%) on CL 
was also tested. If itfite blood !(pH 7.4) was diluted 
and tested in ihc 
a CL response was 
in kinetics and inte . 
with heparinized blkol 



same 
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the peak CL estim 
50 |ig of zymosan i 
and that an almost 
existed up to an s 



[ttffinsic property of heparin. The 
Remonstrate lhar the use of a 
CjjJ/m! is mqst suitable since this 
igulation, yzi docs allow maximal 



way a$; heparinized blood, 
obtained wiHch was comparable 
isi y to that Observed (see Fig. 1) 
(data not shown). 
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FJjl.S. Dependency of *ymoSAi>-mduc*d peak chemilumincscence 
in fresh human blood an the zymosan dose 

(Fig. 5). With the largest dose tested (3,000 jig). CL 
was not maximally expressed. It should be noted thai 
with increasing amounts of zymosan the maximum 
of CL appeared at earlier times relative to the time 
of zymosan additon (4**25 rain, 50 ug zymosan; 
4/*?l7min, 1,000 ug of zymosan). Since 500 ug of 
zymosan induced a CL response within the linear 
portion of the dose response relationship (upper re- 
gion, Fig. 5) this dose was used in most of the experi- 
ments described in this communication. 



Fractionation of Fresh Blood 

In order to elucidate the blood components involved 
in the mediation of zymosan induced CL, blood (con- 
taining Liquemin) was fractionated as shown in 
Fig. 6. Fresh heparinized blood was centrifuged 
(250 g, 5 mJn) and the supernatant (platelet rich plas- 
ma, PRP) as well as the sediment (S) containing leuk- 
ocytes and erythrocytes were collected. PRP was fur- 
ther centrifuged at higher speed (1 ,400 g, 10 rain). The 
sediment consisted mainly of (99%) thrombocyte* 
(Th) and the supernatant represented essentially cell 
free plasma (P). The different fractions obtained were 
then tested individually and in various combinations 
for their capacity to respond with CL on incubation 
with zymosan. 



CL of Blood Component.* 

The lrtikocyte-erythrocyte sediment (S, 50 ul) from 
1 ml blood (containing approximately 5.4 x 10 r ' gran- 



A. 



Seaimenl 

{ 5) 



Pleielei Rich 
Pioxmo 

[PRP] 



T. K^to ct nl; Blood Chemiluir licence 
IB) 

V J JSOfl, 5/fiin 



Thrombocyte Ptosmo 
tTHJ (P) 

f 1$. 6\ Scheinc of fractionation 
(A) into sediment (5, IcukDCytci 
Cf^/O. ihrombncytes (77?) and 



and after the addition of z 
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CL response was obtain 



labl e Copy 



ulocytcs per ml) was siisjtended in -EHM 0.45 ml) 



psan (500! 



Wigs, 1 and! 
peak CL| 



^jfrcsh heparvnized human blood 
cftthrocytes), pjlmcict rich plasma 
(jlliKma(^) 



ng) and lumin- 



As compjired to unfrac- 



2) a different 
occurred only 



seirved whicj was compara- 
tfuensity to; that seen with 



after 60 min, and the intensify of CL wks significantly 
lower (2.6xl0 5 cpm = 9S3;|pmxlO"|! PMN). Also 
plasma generated a very jpti'or CL response to zymo- 
san. This residua] reactivity [was compl etely lost after 
passing fraction P throug JjajMillipore! liter (0.45 \xw) 
(Fig. 8). If, however, seMient (50^ ) and plasma 
(50 |.tH-0.4m! EHM) wcMombincdj a zymosaivin 
duced CL response waso 
ble in kinetics and peak 

unfractionated blood (Fi{[ij|j). This finding shows ihat 
cells present in the scdimdht (Le. granulocytes) are 
largely responsible for Ih^cjrtiUancc It light induced 
by zymosan in blood. )i Jfjlkher shov;s that for this 
activity a. humoral factoa Required 4;hich is present 
in plasma. As expected! 'addition of PRP (50ul + 
0.4 mi EHM) or thromi^es (50 5x10* cells) 
plus plasma (50 uJ-rOJs tfl EHM) tn the sediment 
(50 jxl) also gave rise trjljjtU) zymosjjin-inriuced CL 
(Fifi.7). Mi! 

Isolated thrombocytes!! (10 7 cellsj per 0.1 ml + 
0,4 ml EHM) or plasma ^pne, on ijicubation with 
zymosan showed little or p^jCL, respej tivcly, (Fig. 8). 

) and plasma 
to zymosah (500 ug) with 
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was se:n when PRP 
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jj^Wever, th£:peak intensity 
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(Fig. S). A similar rcspi 
(0.1 ml* 0.4 ml EHM) vfk| 
(Fig. 8). In both cases, 
of the CL response was 
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Fig. 8. Zyrn wan -induced chemilumincsccncc or isolated human 
thrombocytes (TO), plasma (P), phtelel rich pJssnw (PRP) and 
a combination of thrombocyte* plus plasms (TH+P) 

it amounted to approximately 7% of that seen with 
unfractionated blood (6.5 x 10 s cpm/sample; Figs. 1 
and 2) and varied widely among different individuals 
and between samples from one donor obtained on 
distinct days. 

These findings show that (to a minor extent) 
uii'ujabocyici contribute lu zyiuosaii-iiiiJuoeLi CL of 
whole blood> and that for the expression of platelet 
activity a humoral (plasma) factor is also required. 
In addition, the fact that PRP (and thrombocyte plus 
plasma)-dcpendcnt CL had a maximum at 8-10 min 
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derived leukocyte sediment treated with zymot Jn -absorbed plasma. 
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W. A O ubuorbed with graded opiounfc of ;.j|nosan 



suggests that the early peijk occasioWaJly seen in the 
CL response of whola blood (Fig. ])[& due to Ihrom- 
bocytes. 



Absorption of Plasma with Zymosan 

The experiments discuss*: above djjrnonstralc that 
both granulocytes and thrombocytes mil CL on incu 



acuvtty i 
jln order 



thermore, the Tact that different dc 
sire required to decrease pjeak CL r 



(Fig. 9) indicates that in tl^c individuj? ,1s analyzed the 

jmtrations. It is 
could also be 



factors arc present in diflerent com 
worthwhile to note that tjhc factor 
removed by zymosan fro rn fresh cood as well as 
from serum [data not shown). 

!i 



fully expressed 
o study further 
le following ex- 



bation with zymosan. This 
only if plasma is present, 
the requirements of solubl^ factors, 
pertinents were performed] 

Samples of plasma (0,1 ml) ohttjlncd from fresh 
blood of 3 individuals wi^re incubaixl with paded 
amounts of zymosan (50-}l,000pg m 0.5ml EHM, 
40 min, 37 °C). After centi litigation (1400 g, 10 min), 
the supernatant (0.3 ml absorbed p|sma (AP) was 
added to freshly prepared sediment (50^1 + 
150 u.1 EFIM) and the CL itesponse tc zymosan moni- 
tored. A greatly d im in i sheet ICL was f< und in mixtures 
in which the plasma component had been absorbed 
with zymosan doses greater than 2i ) jjg (Fig. 9). if 
absorption was carried outjwith 1,00(1 jig of zymosan, 
the peak CL observed was only app oximately 15% 
of that seen with non-treaUd plasma n the 3 samples 
tested, This result shows that the pi sma factors in- 
volved in the generation kf laukocjte CL bind to 
zymosan and thus can be tcmoved fr :lm piasma. Fur- 



ies of zymosan 
spor.se to 50% 
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Tabl« 2. Influence of acetyls licylate and indome'.hflcin on ?.ymo- 
san-induccd client Hum incscence of human fresh blood* and platelet 
rich plasma 



Addition* ChemiJumine&cence 



Fresh blood 


No. of 


Platelet rich 


No. of 




samples ptavJTta 


samples 


% CL from Control ± SUM 




% CLfrom Control ±SHM 


None I DO 


R 


100 


S 


Acetyl- 1 US ±9.4 


& 


65.9* 5.7* 


8 


salicylate* in.?.)* 






Indomelhacin J 10 ±9 


5 


94i8 (n.s.) 


< 











Lysyl derivative (Aipcgic) 

* n.s. = not Signincantly different from control 

* /><0.0005 (relative to control) 



Effect of Aspirin and Indomethavin on Blood CL 

CL (zymosan-induced) has been linked to cyclooxy- 
genase activity [25] and therefore the influence of acc- 
lylsalicylic acid (lysyl derivative, Aspdgk) and indo- 
melhacin on zymosan-induced CL of fresh blood was 
investigated. To fresh blood samples (0.1 ml + 
0,4 ml EHM) lysylacetylsalicylate (20 |ig/ml) or indo- 
melhacin (20 (ig/ml) respectively, were given, incubat- 
ed for 10 min, and after the additon of zymosan CL 
was monitored. It was found that the CL response 
of samples treated with cyclooxygenasc inhibitors was 
not significantly different from that of controls indi- 
cating that cyclooxygenase activity does not greatly 
contribute to fresh blood CL (Table 2). CL of PRP, 
however, could be partly (34%) suppressed by acetyl- 
salicylate; indomethacin in the doses used had no 
suppressive effect (Table 2). These results suggest that 
in the induction of CL of granulocytes, cyclooxygen- 
ase products do not participate while irj thrombocyte- 
dependem CL such products appear to play a role. 



Effect of Sodium Cyanide on Blood CL 

In order to characterize the mechanisms involved in 
blood CL, the effect of sodium cyanide on zymosan- 
induced CL of fresh blood was tested. Blood samples 
were treated with graded amounts (0.1-10 mrvlol) of 
NaCN; zymosan was added 10 min later and the CL 
response determined. It was found (Fig. 10) that 
larger NaCN doses (5 and lOmMol) decreased CL 
relative to controls by 75 and 90%, respectively 
(Fig, 10). Doses of 0.1 and 1 mMol however* inhibit- 
ed CL only slightly (7 and 14%, respectively). Since 
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these latter doses arc knowijji to block 
live phosphorylation it appears thai 
of fresh blood CL does nipt depend 
chain aciivky. \\ 



Discussion ;j 

■ i 

Wc report in the present i study thai measurements 
of zymosan-induced chen*muminesce ce can be per* 
formed fa freshly drawn nqn-fraction; ted blood when 
luminol is present, fn the absence of uminol, practi- 
cally no photons can be treasured I :causc most of 



the light, emitted by granulocytes 
with and phagocytizing zymosan, is 
tween 540-640 nm [5] and; is quenc 



liable Copy 



1 7ymosftn-induced 



cellular oxida- 
the generation 
on respiratory* 



by erythrocytes. The addit<j^ of lumirf >l has two high- 



ly beneficial effects: The /lumber oi 



hanced by two to three orders of mag litude and most 



of the light emitted will jieak nt 45 
range where hemoglobin interference 



nm, a 9pectral 
is less marked, 

Our results show that the CL curvjj; obtained from 
the same individuals at different time* arc fairly repro- 
ducible when measurements are begin cither immedi- 
ately after blood sampling or after a time interval 
during which blood has bben kept looted (0-4 °C). 
Differences in CL intensi^ which we e obvious when 
different individuals werej'comparcc became much 
less pronounced when the 1 actual c m were refitted 
to the number of granulocytes presort (expressed *as 
cpmxl0~ 3 granulocytes);' The obv ous correlation 
between the number of :^Tanulocy[?s and photon 
counts was further strengthened by experiments in 
which leukocytosis had been induced by bacterial 
LPS. Again, it was shoWn, ihat tV i great bulk of 
CL evoked in blood by addition ofpymosan is due 
to the stimulation of granulocytes. 



hile in contact 
the range bc- 
:d or absorbed 



photons is en- 



2m 



(n an attempt to clarify the role of platelets and 
of factors present in plasma, separated blood Tractions 
and recombinations there of were studied. This analy- 
sis seemed of importance since platelets, like granulo- 
cytes show an immediate and striking increase in oxy- 
gen consumption [18] when stimulated by thrombin, 
collagen and also by zymosan [28], As first described 
by Mills et al, [25] under these conditions platelets 
emit CL when luminol is present. Although platelet 
CL is weak as compared to granulocyte CL (based 
on cell numbers), it might nevertheless become signifi- 
cant when measurements are performed in blood. Our 
analyses have shown that the CL curves obtained 
after addition of zymosan to fresh blood of several 
individuals exhibited a araall peak after 5-S min. This 
peak proved to be platelet borne. Reports have shown 
that platelets can be stimulated by zymosan [24, 6], 
The recombination studies described in the present 
paper revealed that in freshly drawn blood, or in 
samplcK kept on ice and then rcwarmed immediately 
before testing, platelet activation and CL plays only 
a minor role; less than 10% of the total photon counts 
during the first 30 min are due to platelets. It should 
be mentioned, however, that this share of CL in- 
creases when blood is analyzed after periods of stand- 
ing at room temperature or at 37 °C. Under these 
conditions, i.e. in Lhe presence of platelets and plasma, 
granulocyte CL also increases with time [22]. This 
phenomenon points to a platelct-granu!ocyte interac- 
tion in .standing blood [26, 13]. At present, wc arc 
engaged in a detailed CL analysis of the various types 
of granulocyte-platekt interactions which have been 
described in the earlv and recent literature [10, 21, 
26,27,37], 

In context with platelet-granulocytc Interaction 
one additional observation seems to be of impor- 
tance: platelet CL appears to be partly dependent 
on cyclooxygenase activity. This is indicated by our 
finding that aspirin, which is known to irreversible 
inactivate cycloocygenase [31] caused a significant de- 
pression of CLin PRP. A few contaminating granulo- 
cytes may possibly contribute to the remaining activ- 
ity. 

We therefore suggest that in clinical trials with 
a particular aim of studying granulocyte CL in blood 
the assays should be carried out in the presence of 
Aspirin. In this way, undesircd side effects which oc- 
cur when blood samples are standing at room temper- 
ature can be avoided. 

Finally, our experiments have shown that plasma 
factors play a major role in both granulocyte and 
thrombocyte dependent CL. These activating factors 
can be removed from plasma by absorption with zy- 
mosan; their nature, however, remains to be elucidat- 
ed. 
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In summary, our resists show 
duced CL can be monitored in fre_ 
and that it is dependent orvboth cell 
components. By recording the essentia 
terns which reflect the functional 
body's rjiost potent defensive cells in 
is close to the natural environment 
monitor the highly complex interplay 
cytes, thrombocytes and jplasxna _ 
induced CL of unfraciionated blood 
pie and may become a valuable met 
routine diagnostics. 
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Abstract 

The tremendous destructive capabilities of reactive oxygen species in stress related 
disorders has become apparent only recently, although in early historical times the 
ancients may have been aware of the devastating power of stress on well-being. This 
chapter explores ancient myths and modern techniques surrounding stress-induced 
immunosupression in species as diverse as mice and humans, investigating techniques 
and mechanisms, and speculating on possible therapeutic interventions. 

Curses and Plagues: Fact or Fiction? 

A modern idiom speaks of people making themselves sick with worry. As with so many 
aphorisms that are casually used, this linkage of stress and illness embodies a deep truth, a 
truth that may already have been familiar to the ancients. 

It is an archaeological fact that most tombs of the Pharaohs had a curse written above the 
door, to deter intruders, warning that whoever opened or entered the tomb would die. 

'Death will slav with his wings whoever disturbs the peace of the Pharaoh/ 

(Budge 2001) 
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For centuries such curses have been dismissed as superstitious nonsense, but recent 
evidence shows that unwittingly or otherwise, the ancient Egyptians had harnessed a powerful 
tool: danger whether real or perceived can have devastating effect psychology can have on the 
immune system. Psychological stress may reduce the effectiveness of the immune system, 
thus increasing the risk of infection or disease (Dhabhar et ai, 1996; Kang et ai, 1996). The 
ancient Egyptians may have in fact been familiar with this. In 1999 the German 
microbiologist Gotthard Kramer analysed 40 mummies and found them contaminated with 
several varieties of potentially dangerous mould spores, which when exposed to air and a 
suppressed immune system could have caused fatal illness (Viegas 1999). 

It is also tempting to speculate that the plague of boils mentioned in Book of Exodus 9:8- 
12, in the Old Testament, the sixth plague to hit Egypt would have been exacerbated by the 
psychological endured by those who had already experienced plagues of blood, gnats, flies 
and diseases of livestock. The psychological stress would have burdened only the Pharaoh 
and his people, thus automatically excluding those who firmly they were divinely protected. 



Stress and Disease 

Epidemiological studies show that those individuals who are more psychologically 
stressed are more prone to opportunistic infections (Clover 1989; Galinowski, 1997). For 
example stress associated with family dysfunction is significantly associated with increased 
incidence of upper respiratory tract infection and influenza B (Clover 1989) and work- related 
stress results in DNA damage in female workers (Irie 2001). Similarly persistent stress in elite 
athletes has been associated with chronic immunosupression and hence susceptibility to 
opportunistic infections (for review see Gleeson 2000). In animal models of stress, the spread 
of Candida albicans (an opportunistic fungal disease) is greater in stressed rats than non- 
stressed animals (Rodriguez et ai, 2001). Results from studies associating psychological 
stress with an increased cancer are contradictory: some suggest an increased risk of 
developing cancer in those exposed to psychological stress (Irie et al 2001) others support no 
such link (Johansen et al 1998)and most are inconclusive (Kiecolt-G laser 1999). Overall 
psychological and behavioural factors may well influence the progression of cancer through 
psychosocial influences on immune function. 



Current Measures of Stress 

Objective, quantitative and practicable measures of stress are pivotal to studies in many 
branches of vertebrate biology, including animal welfare (e.g. Dawkins, 1980; Bateson & 
Bradshaw, 1997). The stress response in animals is currently assessed using a variety of 
techniques, including Cortisol measurement (e.g. Palme & Mostl, 1997; Creel, 2001), 
haematological values (e.g. Millspaugh et al, 2000) and behavioural observations (reviewed 
by Rushen, 2000). We have recently reported a novel technique to measure the stress 
response (McLaren et ai, 2003), based on the capacity of circulating neutrophils to produce 
reactive oxygen species in response to an external stimulus.. 
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Neutrophils as Indicators of Stress 

Neutrophils can respond rapidly to a wide range of physical and psychological stressors, 
and these responses can affect the ability of the immune system to react to ongoing or 
potential challenge (Maes et al 1999; Dhabhar et al, 1995; Gleeson & Bishop, 2000). Stress 
has been shown to influence the number, distribution and activation of neutrophils in the 
blood in a rapid and reversible manner (Dhabhar et al 1995; Goebel & Mills, 2000; Ellard et 
al, 2001; McLaren et al, 2003; Montes et al, 2003; Mian et al, 2003). One component of 
the response of neutrophils to stress is the release of reactive oxygen species (Mian et al, 
2003; Montes et al, in press). This response is strictly controlled; only a subpopulation of 
neutrophils is activated, and the size of the subpopulation is related to the intensity of the 
stressor (Montes et al, in press). 

Leukocyte Coping Capacity: Stress Revealed from a Drop of Blood 

Leukocytes are exposed to diverse factors: endocrine factors in the plasma, changes in 
blood biochemistry, changes in red cell haemodynamics, cytokines and factors released from 
other cells both circulating and non-circulating cells such as endothelial cells and changes in 
the hypothalamic-pituitary-adrenal axis and the sympathetic nervous system. As stress affects 
each of these factors, leukocytes make ideal indicators of stress, being constantly exposed to a 
diverse range of stress stimuli. 

We have used this fact to develop a novel approach to measuring stress. In summary, 
after a potentially stressful event, the capacity of circulating leukocytes to produce reactive 
oxygen species in vitro in response to challenge by phorbol myristate acetate (PMA) is 
measured, a measure called Leukocyte Coping Capacity (LCC). LCC is affected directly and 
rapidly by stress and the strengths of this technique, is: (1) the method can be used on whole 
blood (avoiding centrifugation); (2) it yields results within minutes and does not require 
baseline data from animals which have not been stressed and (3) it is practical to use in a wide 
variety of situations. Whole blood is used instead of fractionated centrifuged leukocyte 
subsets, as the primary aim is to produce a measure of cell activation that minimises in vitro 
manipulation of fresh blood, and to reflect as far as possible the in vivo condition of the cells. 
This method is of particular use in situations where a rapid assessment of the individual's 
ability to cope is required. The term LCC is used since a wide range of immune cells can 
respond to PMA, although neutrophils are responsible for most of the PMA response (Mian et 
al, 2003), and represent the majority of leukocytes in the circulation. The aim of this chapter 
is to elucidate the mechanisms involved in the science underpinning this novel measure of 
stress. 

The Leukocyte Coping Capacity reveals significant information about an animal's 
physiological status during and after stressful events (McLaren et al, 2003). We have used it 
to demonstrate that even short-term psychological stressors can produce demonstrable 
physiological changes in neutrophil activation (Figure 2. 1; Ellard et al, 2001; McLaren et al, 
2003; Montes et al, 2003; Mian et al, 2003; Montes et a/., in press). For example, as a model 
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for studying stress we used wild badgers (Meles meles) that were trapped and transported (10 
minutes on a trailer pulled by an all-terrain quad bike) as part of a long-term ecological and 
behavioural study (Macdonald & Newman, 2002). Badgers that had been transported showed, 
in comparison to badgers that had not been transported, changes in circulating cell numbers 
and composition that were indicative of stress. (McLaren et ai, 2003), and their circulating 
neutrophils showed a reduced responsiveness to PMA (McLaren et aL, 2003; Figure 2.1). 

800 -i 

700 - T 



a 600 




Time, minutes 

Figure 2.1 The response of circulating neutrophils to PMA (10" 6 mol I" 1 ) stimulation in transported (lower 
solid line, n=8) and non-transported (upper solid line, n=8) badgers. Dashed lines represent unstimulated 
leukocyte activity levels (without PMA). The release of reactive oxygen species (measured here in relative 
light units) in response to PMA stimulation is much reduced by transport stress . That is LCC is diminished 
(McLaren etal. 2003). 



The Importance of Reactive Oxygen Species 

Reactive oxygen species (ROS) have an important role in immune defence, but can also 
potentially damage healthy tissue and organs (Weiss, 1989; Boxer & Smolen, 1998) and the 
activation of neutrophils is potentially detrimental to health (Weiss, 1989). Activated 
neutrophils and other phagocytic leukocytes can take up oxygen and make a range of ROS, 
such as 0" 2 . H 2 0 2 and OH-, and these oxygen metabolites are potent microbicidal agents 
(Figure 1; Bokoch 2002). The potential for ROS to cause cellular damage is perhaps best 
demonstrated by the extensive antioxidant defence systems that are possessed by cells 
(Halliwell 1996; Kruidenhier & Verspaget 2002). Atanackovic et ah, also reported (2003) 
reported that acute psychological stress reduced the capacity of human phagocytic leukocytes 
to produce basal levels of ROS. PMA used by McLaren et al (2003) measures the capacity of 
circulating neutrophils to release reactive oxygen species. Stress-induced immune alterations 
occur more or less in parallel to increases in hormonal & immunological markers of cells 
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(Atanackovic et al 2003) but immune alterations remained long after these traditional 
measures of stress (changes in heart rate and blood pressure) had returned to basal values 
(Mian et al. 2003). 

Watching a Horror Film: Stress By Proxy 

Even short-term psychological stressors can produce demonstrable physiological changes 
in heart rate, blood pressure and the activation of neutrophils (Ellard et al., 2001; Goebel 
2000). Activated neutrophils release many mediators, which can potentially damage even 
healthy tissue and organs, so this activation of neutrophils is potentially detrimental to health 
(Weiss, 1989; Weiss et al., 1989; Boxer et al., 1998). The many biologically active 
compounds released by neutrophils when they are activated include: cationic proteins, 
myeloperoxidase, lysozyme, acid hydrolases, lactoferrin (an iron-binding protein), B12- 
binding protein, cytochrome b and collagenase (Abramson, 1993). 

Individuals who are more psychologically stressed are more prone to opportunistic 
infections (Clover 1989; Galinowski, 1997). 

Acute psychological stressors have also been shown to increase the number of circulating 
leukocytes, and significantly to affect erythron variables such as haematocrit, mean cell 
haemoglobin content and the number of red blood cells (Maes et al 1998). 

Psychological stress comes in many guises. Some individuals deliberately expose 
themselves to a form of psychological stress by watching horror movies. 

There have been no reported studies on the effect such a 'passive stressor' has on 
leukocyte activation. We asked whether passive observation of a stressful event, namely 
witnessing an emotionally disturbing movie, would result in leukocyte mobilisation and 
activation. The aim of this study was thus to investigate the effect of observing a stressful 
event, albeit fictitious, on leukocyte distribution and activation in otherwise healthy human 
subjects. 

Blood samples were obtained from 32 healthy male and female subjects aged between 
20-26 years before, during and after either watching an 83-minute horror film that none of the 
subjects had previously seen (The Texas Chainsaw Massacre, 1974) or by sitting quietly in a 
room (control group). Total differential cell counts, leukocyte activation as measured by the 
nitroblue tetrazolium test, heart rate and blood pressure measurements were taken at defined 
time points. 



Figure 1 Haematological Variables: The effect of watching a horror Him on subjects Open squares represents 
mean + SEM from 1 6 control subjects Closed triangles represents mean + SEM from subjects exposed to the 
horror film for all graphs. 
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There were statistically significant increases in peripheral circulating leukocytes, the 
number of activated circulating leukocytes, haemoglobin concentration and haematocrit in 
response to the stressor (Mian et a\ 2003). These were accompanied by significant increases 
in heart rate, systolic and diastolic blood pressure. The study reveals the importance of the 
perception of stress. Watching a psychosocial stressful event that by definition has no 
objective effect on survival can thus affect immune reactivity. 

The role of the psychobiological characteristics of the individual has been shown to be an 
important in the response to stress, for example Interleukin -1 (an indicator of stress) 
production is greater in right than in left-pawed mice (Neveu 2003). 



The Mechanisms Involved 

Watching a horror movie elicited psycho- physiological arousal which was comparable to 
Canon's fear -flight- fight- defence reaction, the so called 'stress response' which involves 
stimulation of the hypothalamus (Canon 1932; Folklaw 1982), a change in peripheral 
resistance (Brod 1972) and an increase in the release of stress hormones including 
catecholamines and Cortisol (Seyle 1946) and increases in haematocrit and haemoglobin 
concentration (Maes etai, 1998). 

The increase in the numbers of circulating leukocytes during the honor film is 
comparable to that reported by others. Changes in circulating cell numbers reflects the cell 
trafficking between reservoir sites including the liver, lungs, spleen, bone marrow an* 
peripheral blood (Cruse 1995). This process is modified by receptors (Hou 1996; Ley 1996 
on both the endothelium (P-selectin; Intracellular Adhesion Molecule- 1; Vascular cell 
Adhesion Molecule-1) and leukocytes (L-selectin; integrins and P-Select.n Glycoprotein 
Ligand-I PSGL-I). Modification of the receptors on either (he endothelial cells or leukocytes 
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can also dramatically alter the number of adherent (and thus the number of free flowing) 
leukocytes (Ley 1995; 1996). 

PSGL-1 is constitutively expressed on all lymphocytes, monocytes, eosinophils and 
neutrophils Ley 1997. PSGL-1 has a glycosylation pattern enabling it to bind to endothelial P- 
selectin (Ley 1997). This interaction results in the margination of the leukocytes, which is the 
process by which leukocytes exit the central blood stream, and initiate mechanical contact 
with the endothelial cells (Cruse etal, 1995). 

The margination process is enhanced in vessels of a particular size by the aggregation of 
erythrocytes, which tend to occupy the centre of microvessels and thus promote margination 
(Firrell et al, 1989). The increase in haematocrit and haemoglobin concentration observed in 
this and previous studies (Maes et al, 1998) could thus selectively promote margination in 
some vessels. Previous studies have demonstrated that margination of leukocytes is not a 
uniform process, and occurs in particular sized vessels within the microcirculation (Mian et 
al, 1993). In larger- sized vessels it is possible that the shear stress of flowing blood might be 
sufficient to dislodge marginated leukocytes, thus increasing the numbers of free-flowing 
leukocytes. The changes in shear stress likely to have been brought about by the increased 
haemoconcentration may also serve as a trigger mechanism for leukocyte activation (Schmid- 
Schonbeim et al, 2001). 

It has been recognised for some time that physiological stressors such as exercise induce 
leukocytosis from marginal pools (Shephard & Shek, 1996; Gleeson et al t 1998). Current 
literature indicates that exposure to hostile conditions or other psychological stressors initiates 
the secretion of several hormones, including Cortisol, catecholamines, prolactin, oxytocin and 
renin (Van de Kar & Blair, 1999; Toft et al, 1994)), any of which could alter adhesion 
receptors on circulating leukocytes and thus contribute to their altered distribution. Stimuli 
such as adrenaline that disrupt this process (Iversen et al, 1993) and increase the circulating 
numbers of leukocytes. Recent studies by Maes et al (1999) have revealed that an increase in 
the levels of pro- inflammatory cytokines, such as interleukin-6 and tumour necrosis factor, 
result in the demargination of some leukocytes. It is thus possible that the stress -induced 
production of adrenaline and cytokines could orchestrate the increased numbers of leukocytes 
within the general circulation. 

Non-physical stressors have now also been shown to influence the number and 
distribution of leukocytes in the blood. Kang etal, (1996, 1997) and Dhabhar ( 1 996) reported 
that the mental stress of academic examinations stimulated increases in the number and 
distribution of leukocytes. These changes were found to be both rapid and reversible. 

Nitroblutetrazolium (NBT) reduction is a measure of cell activation which minimises in 
vitro manipulation of fresh blood, and reflects the in vivo condition of the cells. Recent 
studies have demonstrated that the NBT reduction assay is a reliable measure of the activation 
of neutrophils in whole blood (Takase et al, 1999; Delano et al, 1997). Wikstrom et al, 
(1996) demonstrated a highly significant linear relationship between the % NBT -positive 
cells and chemiluminescence measurements of the same cell suspensions with and without 
chemical stimulation, supporting the idea that the NBT-test accurately measures oxidative 
metabolism. Thus the significant increase in the number of Nitroblue tetrazolium leukocytes 
after watching the horror film reflects an increase in the numbers of activated leukocytes. 
Activation of leukocytes has been reported by Kang et al, (1996) who found that 
superoxidase- production in neutrophils increased in those undertaking examinations. 
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The Pathophysiological Consequences of Stress by Proxy 

In a broader context, the pathophysiological relevance of the changes observed need to be 
explored If the human mind cannot discriminate observation of fictional stressful situations 
from personal psychological experience, then the results have implications for anyone 
witnessing a stressful event. Witnessing a stressful event could well be sufficient to alter the 
number and activation state of circulating leukocytes. Indeed the percentage of activated 
leukocytes remained high even though many of the other variables such as the number of 
circulating leukocytes and haematocrit and haemoglobin concentration had returned to basal 
(pre-stress) values. In this state of activation, leukocytes are primed and ready for action. If 
however the leukocytes actually release the contents of their granules, then there will be a 
period of time, a 'window of opportunity', in which they will not be able to respond to 
opportunistic infections, having already degranulated. Such leukocytes would be unable to 
respond to opportunistic infections thus rendering the host more susceptible to disease, as 
well as to potential tissue damage from a host of proteolytic enzymes and oxygen free 
radicals. 

Unlike other cardiovascular and immune measurements, leukocyte activation was 
sustained for at least 20 minutes after the stress exposure, suggesting that this condition of the 
leukocytes is not rapidly reversible. The potential long-term effects of repeatedly watching 
such horror films remain unknown. 

In an era where television and other electronic media rapidly transmit real and fictitious 
events into our homes, the effects of exposure to such stressors deserve evaluation^ 
Witnessing a stressful event may have serious physiological consequences for the health of 
the observer. With sufficient exposure to psychological stress is it possible that an observer 
actually becomes a victim by proxy? 

A Working Model of Neutrophil Behaviour in Response to 
Stress: the Key Players 

Neutrophils are responsible for most of the ROS production seen in the blood samples 
(McLaren el al. 2003, Mian el al. 2003) A model of the interactions between neutrophils and 
other components of the stress response is outlined in Figure 3 and discussed below. 



Plasma Factors 

Stress causes the release of stress hormones including Cortisol and adrenaline. A host of 
stress-related endocrine and non-endocrine plasma borne factors could potentially modify the 
sensitivity of circulating neutrophils to PMA and control their level of activation. For 
example, neutrophil behaviour, including ROS, is modified by both Cortisol (e.g. Kurog. & 
lida 2002) and catecholamines (e.g. Bergmann & Sautner, 2002; Benschop 1999). 
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Cytokines 

Non-endocrine plasma-borne factors could also potentially control the response of 
neutrophils in response to stress. In particular the cytokines IL- I & IL- 6, which are known 
to be released from activated endothelial cells, are known to affect neutrophil accumulation 
and activation(e.g. Joseph et aL, 1992). Also, IL- 8 is an important chemo-attractant for 
neutrophils and can also play a role in the production of ROS (McPhail & Harvath, 1993), 
and thus may play an important role in the recruitment and activation of neutrophils during 
stress. 



Glutamine 

Other factors that are important for neutrophil function, such as glutamine (Furukawa et 
a/., 1997; 2000; Pithon-Curi et a/., 2002) and glucose (Furukawa et a/., 2000), could also 
affect the response of neutrophils to stress. In the case of glutamine, there is evidence to 
support the notion that glutamine depletion is related to immunosuppression in athletes 
(Castell & Newsholme 200 ! ; Castell 2002). 

Neutrophil-Endothelial Cell Interactions 

The adhesion of neutrophils to the endothelium is another important component of 
neutrophil activation during stress (Jean et ai f 1998; Figure 3) and modification of the 
receptors on either the endothelial cells or neutrophils can dramatically alter the number of 
adherent (and thus the number of free flowing) neutrophils and the distribution of leukocyte 
subsets (Ley, 1996; Maes 1999). Endothelial and neutrophil derived adhesion molecules serve 
important roles in properly orienting neutrophils temporally and spatially for activation along 
the endothelium (Park & Lucchesi, 1999;). Important regulators in this process are TNFa, and 
ICAM- I. TNFa upregulates ICAM- 1, which leads to, increased neutrophil-endothelium 
interaction (Menger et aL, 1999). The selectin family of adhesion molecules, which includes 
E- and L- selectin, mediate the first contact of neutrophils with the endothelium. (Ley, 1996). 
E- selectin is expressed on the surface of endothelial cells and L- selectin is expressed on the 
surface of neutrophils. L- selectin can also influence the production of reactive oxygen 
species (Nagahata et al % 2000). Furthermore, changes in. shear stress, such as those brought 
about by stress related increases in red blood cell numbers, can modify neutrophil adhesion 
behaviour (Sheikh et al, 2003). 

In summary stress-induced changes in leukocyte activation reflect changes occurring in 
the local environment. 
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The cost of immunosuppression: resource limitation 
or self protection? 

The adaptive significance of immunosuppression is hypothesised to be related to either 
resource limitation or for self-protection through the avoidance of immunopathology (R&berg 
et al. 1998). The resource limitation hypothesis predicts that immunosuppression occurs so 
that energy and nutrients can be temporarily shifted away from the immune system and 
diverted into cells and tissues that are directly required to cope with the stressor. In this model 
there is a resource-based trade-off between the immune system and the costly behaviours 
associated with coping with the stressor. The extent of immunosuppression is thus predicted 
to be related to the intensity of the stressor and the condition of the animal. 

The self-protection hypothesis predicts that the immune system is suppressed in order to 
protect the organism from 'hyperstimulation' of the immune system (R&berg et al. 1998). 
Some components of the immune system are activated by stress: for example some 
leukocytes (particularly neutrophils) can become activated and release oxygen free radicals 
(Mian et al 2003; Montes et al. 2003; Montes et al. in press). Oxygen free radicals are 
potentially damaging to the host organism, costly to produce, and damage the activated 
leukocyte in the process of their release (Halliwell & Gutteridge 2000. Although the two 
hypotheses to explain immunosuppression are not mutually exclusive, they do make different 
predictions regarding the nature of stress-induced immunosupression. 

There is considerable evidence that investment in the immune system is, in non-stress 
situations, dependent upon an animal's condition and nutritional status. For example, male 
Belding's ground squirrels (Spermophilus beldingi) that received a food supplement had a 
leukocyte count three times greater then control males (Bachman 2003). Furthermore, 
glutamine, an important fuel for immune cells (Castell 2002; Castell & Newsholme 2001), is 
known to enhance PMA- induced oxygen free radical production in neutrophils (Pithon-Curi 
et al. 2002). Low plasma glutamine is associated with a decrease in the functional ability of 
immune cells (Castell & Newsholme 2001) and in humans glutamine levels in the blood are 
decreased after prolonged, exhaustive exercise (Castell 2002). 

To test the predictions of the two hypotheses. We subjected wild small mammals 
(woodmice Apodemus sylvaticus and bank voles Clethrionomys glareolus) to one of two 
treatments: handling (stressor) and non-handling(McLaren et al submitted). We then 
measured the ability of animals' circulating leukocytes to produce oxygen free radicals in 
response to PMA challenge: the leukocyte coping capacity (LCC). Handling suppressed the 
LCC response, both in magnitude and variability. Heavier non-handled animals had a greater 
peak LCC, but this was not the case in handled animals, contrary to the predictions of the 
resource hypothesis. The self-protection hypothesis also failed to predict the observed 
variation we found in LCC in handled animals. 

During an immune response, leukocytes are activated to produce oxygen free radicals 
during a stressful event, and this most likely occurs to prepare the body for physical damage 
and perhaps infiltration by bacteria (Mian 2003). In evolutionary terms it is tempting to 
speculate that stress would generally be linked to a fight or aggression that may lead to 
physical injury, thus the release of oxygen free radicals may be a 'pre-emptive strike' 
anticipating injuries and associated bacterial infection. 
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Once sufficient oxygen free radicals have been released it is possible that other 
mechanisms ensure that further production is suppressed to protect the body from physical 
damage. This model needs further investigation, in particular studies relating plasma 
glutamine levels to body weight in mammals and in vitro studies examining patterns of stress- 
related oxygen free radical production in relation to glutamine availability (Castell & 
Newsholme 2001 ; Pithon-Curi et ai 2002). 

It is clear that the self-protection and resource hypotheses are not mutually exclusive, and 
both may play a part in the immunosuppression we observed in handled mice and voles. More 
generally, we hypothesize that the level and nature of stress-induced immunosuppression will 
vary between different components of the immune system depending upon: (1) the potential 
for the component of the immune response to cause harm to host tissues; (2) the energetic 
cost of the immune component; (3) the intensity, frequency and duration of the stressor; and 
(4) the condition of the animal. This hypothesis predicts that immune responses that are 
unlikely to damage the host may be more likely to be suppressed to save resources, whereas 
potentially damaging responses are suppressed to protect the host. 



A Working Model of Neutrophil Behaviour 
in Response to Stress 




Figure 3. 



This diagram represents our working model of the interaction between stress and 
itrophil behaviour. Stress brings about a shift in the behaviour of neutrophils, inducing the 
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release of reactive oxygen species (ROS), and initiating a sequence of events that leads to 
neutrophils binding to the blood vessel endothelium, and (not shown) rolling along the 
endothelium and migrating into the tissues. Cytokines (including IL-1, IL-6, and IL-8) and 
stress hormones are likely to play a role in initiating and maintaining this behaviour, as is 
shear stress. This shift in responsiveness is limited to a subpopulation of neutrophils: those 
remaining in the circulation have a reduced sensitivity to PMA (see text for details), and this 
can be used as a measure of stress. 

A New Look at Stress-Induced Production of Oxygen Free Radicals: 
Therapeutic Possibilities 

Phagocytic leukocytes play a pivotal role in the innate immune response against bacteria, 
fungi , foreign particles and stress induced immuno-supression (Ellard et al 2001, Mian et a.l 
2003, McLaren et al. 2003). On the surface of phagocytic leukocytes lies NADPH oxidase, 
multisubunit enzyme that can assemble which when assembled can 'shoot' highly reactive 
oxygen species (ROS) through the membrane. NADPH oxidases are tightly controlled and 
thus generally do not blast highly reactive superoxide anions into healthy tissues. It has 
recently been shown that once 'superoxide shooting' commences, the leukocyte initiates a 
highly coordinated sequence of events which include fusion and release of several types of 
granules and activation of antimicrobial enzymes (Bokoch 2002). 

The role of ROS is not thus just that of a reactive oxygen free radical, but may be a signal 
for subsequent alteration of electrons, movement of ions and ultimately release of granular 
contents (Bokoch 2002). Thus an alteration of stress-induced ROS (Figure 4 from Bokoch 
2002) may signal a sequence of more sinister alterations of immune function. 




Figure 4. 

The single electron reduction of molecular oxygen to form superoxide anion by the 
phagocyte NADPH oxidase (OX), stimulated by bacterial uptake (and possibly by substances 
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e.g. adhesion molecules or cytokines released by stress), results in the transfer of electrons 
into the enclosed phagocytic vesicle. Dismutation of the superoxide generates OH\ and the 
accumulating negative charge must be compensated by the influx of H* and/or K. . The 
hypertonicity resulting from K + transport promotes the release of inactive cationic granule 
proteases (P) bound to an anionic sulfated proteoglycan matrix (cross-hatching). The released 
and active proteases (P*) encounter the bacterium under optimal pH conditions within the 
phagocytic vesicle and degrade it. Cytoskeletal elements associated with the phagocytic 
vesicle (wavy lines) indirectly affect the killing process by modulating vesicular volume. pH 
and movement of ions may well be affected by gas signalling molecules. We speculate that 
this process may be intiated by stress. Pharmacological intervention with any of the processes 
discussed may modulate the production of ROS. 

Figure reprinted from Bokoch (2002), with permission from GM Bokoch and the Nature 
Publishing Group. 



ROS Production in Disease States 

Understanding the relationships between stress and ROS production is also important for 
disease studies. ROS have been implicated in a wide variety of autoimmune diseases such as 
rheumatoid arthritis (Halliwel et al., 1992) inflammatory bowel disease (Kruidenhier & 
Verspaget 2002) and systemic lupus erythematosus (SLE) (Ames et al, 1999) and psoriasis 
(Pereira et al, 1999). Stress related psoriasis has been documented (Alabadie et al, 1994). 
There is evidence that the occurrence of psoriasis is related to increased ROS production and 
decreased antioxidant capacity (Baze/ al, 2003). In an interesting experiment Kabat- Zinn et 
al (1998) demonstrated that stress reduction by meditation (in conjunction with ultraviolet 
light therapy) increased the rate at which psoriasis cleared in patients. ROS have been linked 
to such a variety of diseases because they of their potential for causing wide-ranging tissue 
damage. ROS can damage DNA and membranes and the oxidation products can induce 
protein damage, apoptosis, and the release of pro-inflammatory cytokines (Briganti & Picardo 
2003) leading to serious tissue damage if antioxidant capacity is insufficient. 

in patients with SLE the severity of the disease is known to be related to daily 
psychological stress (Pawlak et al., 2003), and given that oxidative stress is a known factor in 
this disease (Ames et al., 1999), the relationships between psychological stress, ROS 
production and disease onset and severity would be worth exploring further. 



Concluding Comments 

All mammals are subjected to psychological stress at some point in their lives. Whether 
man or mouse the nature, duration and intensity of the stress can result in a common endpo.nt 
■ immunosupression and the release of reactive oxygen species from circulating leukocytes. 
Even vicarious, fictitious stress is sufficient to orchestrate what appears to be a basic 
instinctive response - the preparation for ensuing bacterial invasions. If the stress is of 
sufficient magnitude we appear to be hard wired to produce a defined physiological response 
We prepare ourselves for action or injury. In anticipation, leukocytes prepare for battle and 
release their arsenal of weapons. The response is regulated. If however the stress continues, 
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then this can have devastating consequences on the host (Irie 2003). Long term 
immunosupression can result in an increased vulnerability to opportunistic infections. Perhaps 
the ancient Egyptians were aware of the power of stress when they wrote curses on the tombs 
of pharaohs to deter thieves 

'Moreover, as for him who shall destroy this inscription: He shall not 
reach his home. He shall not embrace his children. He shall not see 

success." 

(Budge 2001) 

Such words would doubtless terrify a superstitious, and already anxious, tomb- raider. 
The resulting psychological stress, together with scattered invisible moulds scattered on the 
bodies of the mummies, which could remain dormant for thousands of years, could be a fatal 
combination. Believing in the curse could indeed have been a self-fulfilling prophesy. 
Unwittingly or otherwise than ancient Egyptians may have designed the first effective 
psycho-immunodeterrents. 
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ABSTRACT 

An experiment was performed to determine the effects of dietary vitamin C levels and stress on 
immunological parameters in Atlantic salmon (Salmo salar L.). Atlantic salmon parr were main 
tainedon diets containing 0.082 (low), 0.44 (normal) and 3. 17 (high) g vitamin C/kgdry diet After 
23 weeks, tissue levels were found to reflect dietary input. Groups of fish were removed and subjected 
to a 2 h confinement stress prior to sacrifice and isolation of plasma and head kidney leucocytes 
Leucocyte respiratory burst activity (7 J <0.0I) and bactericidal activity (P<005) were both found 
to be significantly reduced by stress, but were unaffected by vitamin C status. Leucocyte migration 
was unaffected by stress or vitamin C status. Plasma bactericidal activity was also unaffected I bv vi 
tam.n C status but was significantly enhanced by stress (/><0.05). Production of specific antibody 
following immunisation with Aeromonas salmonicida was found to be significantly reduced (P<0 01 ) 
by stress, and there were significantly greater levels of specific antibody (/»<0 0 1 ) in fish fed the'l™ 
vitamin C diet compared with fish fed high levels of vitamin C. 



INTRODUCTION 



The physiological response of fish exposed to a stressor can be described as 
being made up of primary, secondary and tertiary components (Mazeaud et 
al., 1977; Wedemeyer and McLeay, 1981 ). The primary effect involves in- 
creased activity of the hypothalamic-pituitary-interrenal (HPI) axis, result- 
ing in increased levels of catecholamine and glucocorticoid hormones which 
induce a wide variety of secondary effects including metabolic, haematologi- 
cal, hydromineral and structural changes (reviewed by Barton and Iwama 
1991 ). One such secondary effect is the elevation of plasma glucose during 
the stress response in salmonids, providing a more stable if less sensitive 
method of differentiating between control and stressed fish than the measure- 
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ment of Cortisol itself (Pickering et al., 1982). Such secondary changes ulti- 
mately result in tertiary effects, i.e. those which are manifest as gross changes 
in physiological performance at the whole organism level. 

One tertiary effect of particular relevance to the aquaculture industry is the 
decrease in disease resistance of stock, generally accepted as being attribut- 
able to the immunosuppressive effect of elevated levels of Cortisol (reviewed 
by Pickering, 1989; Barton and Iwama, 1991 ). Increased levels of circulating 
Cortisol affect the teleost immune system at many levels. The number of cir- 
culating leucocytes is reduced (Pickering and Pottinger, 1987) and the com- 
position of the leucocyte population is affected, with lymphocytopenia and 
neutrophilia generally being apparent (Pickering et al., 1982; Ellsaesser and 
Clem, 1987). There are numerous examples of the effects of Cortisol on non- 
specific defence mechanisms. Examples include inhibition of in vitro respi- 
ratory burst activity (Stave and Robertson, 1985; Angelidis et al., 1987) and 
in vivo phagocytic activity (Ainsworth et al., 1991 ). Leucocyte migration has 
also been shown to be reduced following injection with Cortisol (MacArthur 
and Fletcher, 1985) and non-specific cytotoxic cell activity has been shown 
to be suppressed in socially subordinate fish (Ghoneum et al., 1988). Corti- 
sol also effects specific immune responses. It has been shown that mitogen 
responses and antibody production by lymphocytes from stressed fish are sig- 
nificantly depressed (Ellsaesser and Clem, 1986; Kaattari and Tripp, 1987). 
The effects of reduced lymphocyte function are also apparent in vaccinated 
fish which have similar mortality rates to their unvaccinated counterparts on 
post-stress challenge (Houghton and Matthews, 1986). 

Different strategies have been proposed as being potentially beneficial for 
reducing the physiological effects of stress in farmed fish, such as feeding el- 
evated levels of vitamin C (Jaffa, 1989; Hardie et al., 1991 ), for which prec- 
edents exist in various domestic animals, notably chickens (Brake et al., 1 992; 
Pardue and Williams, 1 992). Vitamin C, which also has beneficial effects on 
the teleost immune system (reviewed by Blazer, 1 992 ) , may act as a brake on 
steroidogenesis through peroxidation of unsaturated lipids, thereby prevent- 
ing their conversion into cholesters which are important components of Cor- 
tisol (Kitabchi, 1967). Early experiments with salmonids appeared to con- 
firm that steroidogenesis was inhibited by high levels of vitamin C in the 
interrenal tissue (Wedemeyer, 1969, 1972). However, recent results have in- 
dicated that Cortisol levels post stress may be independent of the vitamin C 
status of the fish (Dabrowska et al., 1991 ). 

While antioxidant vitamins such as C and E appear to increase disease re- 
sistance at the tertiary level, it has proved difficult to find many significant 
effects on the immune system at the secondary level, with the most marked 
effect being an elevation of serum complement levels (Li and Lovell, 1985- 
Hardie et al., 1991 ). Effects may be more apparent at the secondary level at 
times when the potential demand for vitamin C is increased i.e. under stress- 
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ful conditions. In this study, Atlantic salmon parr (Salmo solar L. ) main- 
tained on low, normal and high vitamin C diets were subjected to a 2 h con- 
finement stress, in order to investigate whether high levels of vitamin C can 
ameliorate the stress-induced down regulation of the immune system. The 
effect of stress on a representative range of humoral and cell-mediated im- 
mune parameters should ascertain whether high vitamin C diets provide a 
practical means of minimising stress-induced immunosuppression in aqua- 
culture, and provide more information on the direct effects of vitamin C on 
the salmonid immune system. 

MATERIALS AND METHODS 

Maintenance of salmon 

Atlantic salmon parr (mean weight 15 g) were maintained at the Scottish 
Office Agriculture and Fisheries Department's (SOAFD) Marine Laboratory 
in Aberdeen. The fish were kept in a semi-recirculating culture system incor- 
porating both chemical and biological filters, comprising six 420-1 capacity 
circular tanks containing 1/3 strength sea water supplied at 10 1/min at am- 
bient temperature (range 8- 1 2 0 C ) , and a light regim e of 1 0 h light / 1 4 h dark, 
Four hundred and twenty parr were equally distributed between the tanks. 
The parr were maintained on a fish meal based diet (after Hardie et al., 1991) 
that conformed to National Research Council (NRC) specifications except- 
ing vitamin C levels. The basal diet contained 0.082 g vitamin C/kg dry diet 
(low) and this was further supplemented to give final concentrations of 0.44 
g/kg (normal) and 3.17 g/kg (high) as determined by analysis according to 
the method of McGown et al. (1982), with a lower limit of sensitivity of 0.2 
/zg/ml. Paired tanks of parr were fed with each test diet at a rate of 2% body 
weight/day 7 days a week for 23 weeks. The total weight of each group was 
determined once a month, and feeding rates adjusted accordingly. After 23 
weeks, specific growth rates (SGR; % body weight day - 1 ) for each group were 
calculated using the equation: 

SGR=100(log n ^f-Iog n ^ o )// 

where W Q and W x were the initial and final group weights respectively after * 
days (Ricker, 1979). 

After 23 weeks, five fish were sacrificed from each tank for the assessment 
of endogenous liver and kidney vitamin C levels. 

Experimental procedure 

Experiments were carried out each week, commencing in week 23. On the 
first morning of each experiment, five control fish were sampled at random 
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from the deficient ration group, killed by a blow to the head and bled via the 
caudal vein with a heparinised syringe within 2.5 min. Differential leucocyte 
counts were made on duplicate blood smears from each fish. Slides were air- 
dried, fixed in methanol and stained with Giemsa. Excluding thrombocytes 
a total of 200 lymphocytes, neutrophils and monocytes were counted on each 
slide, in oil immersion fields, in strips running the length of each film The 
remaining blood was centrifuged at 10000x# for 5 min and the plasma re- 
moved for glucose analysis on the same day. The remaining plasma was stored 
at -70°C for future analysis. After bleeding, each control fish was dissected 
' The head kidney was removed and placed on ice in Leibovitz medium (LI 5- 
Gibco) containing 2% foetal calf serum (FCS) and 0.2% heparin. Livers were 
also removed and stored at -70°C for subsequent vitamin C analysis Five 
further fish were sampled at the same time to investigate the effects of stress 
and these were placed in an opaque covered plastic bucket (base diameter 30 
cm) containing 5 1 of aerated tank water. These fish were transported for 15 
min and, after a total of 2 h confinement, they were killed and processed as 
described for control fish. Normal and high vitamin C status fish were sam- 
pled on successive days. 

Quantification of stress 

Plasma glucose was determined using a commercial kit (Miles) This kit 
works on the principle that glucose is converted by glucose oxidase into glu- 
conic acid and hydrogen peroxide which, in the presence of peroxidase oxi 
dises the chromagen (4-aminophenazone/phenol) to a red coloured com 
pound Briefly, 20 /d of fresh plasma was added to 2.5 ml of supplied working 
solution and incubated at 37°C for 15 min. The optical density (O.D.) was 
then determined at 505 nm agamst a working solution blank. The absorbance 
of the sample/absorbance of a 5.5 mmol 1~' glucose standards 100= D lasma 
glucose in mg/dl. v 

Respiratory burst 

Respiratory burst activity of phagocytes within a suspension of kidney leu- 
cocytes was quantified by measuring the reduction of ferricytochrome C by 
extracellular 0 2 ~ radicals produced by membrane stimulation with phorbol 

-myristate 13-acetate (PMA; Sigma). Head kidney touc^™ £ 
lated as described previously for rainbow trout (Chung and Secombes I qsr , \ 
Briefly the head kidney from each fish was pushed th^g^^^ 
gauze to produce a cell suspension which was layered onto 51% PercoH 
(Sigma). Following centrifugation at 400 for 30 min, the purified leuco 
cytes were removed, washed twice in LI 5 medium containing 2% FCS and 
0.2% heparin, and adjusted to 10* viable cells/ml. Two 1-mTahquots oer fisn 
were centrifuged at 5000 for 10 s to avoid damaging the £2 Th > suner 
natants were discarded and one tube was supplemented with ferricytochrome 
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C (2 mg/ml in phenol red free Hanks balanced «»it .^i 
containing PMA at I m/m l. The ^^t^™!^*™ 55 ) 
cytochrome C (Sigma) containing PMA and suoerS * ? fem - 
at 300 U/ml to eonfirm the specificity o th Son Cell ^ (S ° D > 
by vortexing, and incubated at room empem ^ k" 5 res f P^ced 
mixing. The reaction was then termina teTbv ce„ f if , ""l^ reeular 
min. One hundreds samples we" ve d?n ^Sfrl'e "k^^ 1 
tubes and the O.D. measured at 550 nm ™PUcate from each pair of 

a multisoan spectrophotometer (m7c Tta ^T? 1 ' 0 ^ in 
verted to nmoies 0 2 ~ by subtracting the 0 %7£]$j$Sg 
pematant from that treated with PMA aW f„ f MA/SOD treated su- 
O.D. to nmoies 0 2 - by multipCl Tb^5 87 Wmsi "T"™ 8 
expressed as nmoies 0 2 - produced pe" I o"Ldn^ie U ^ C yt2 * "°™ 

Cellular bactericidal activity 

Killing of Aeromonassalmonicida (strain MT004) by a susnen.inn ^u- , 
ney leucocytes was investigated using a modified Tsav L ^! 1 + * f 
ham et al. ( 1988). Leucocytes were isolate I aSd dSS^ Gnh 
respiratory burst. Cells from each fish were . rSSS^to 
tion of 4x 107ml in LI 5 medium containing fFsI fm ^ C0, ? centra " 
cidal activity) and 50 //l of suspension was a^td (s< f eened for bacteri- 
96-well microtitre plate. FiftyTof S Twas a dde d to?^ ^ flSh) t0 a 
as the plate blank, and also to Ltrol for™ Nation ^ T" S t0 3Ct 
terial suspension (5x107ml in 3% S t^^^^ 8 bac " 
each of the top 4 wells for each fish (T? we Is) Sm?^ ^ to 
added to the blank. The plate was todi^SLSS 18°^ 7? 
Twenty of the same bacterial suspension (also i^.r 
was then added to the lower 4 wells for each fish (TO wlifrL fj } 
then shaken and 30 fil of lysis buffer ( 50/0 Tween ninfrn plate was 
added to all wells to lyse the leucocytes and^ton t! h f d Water) Was 
One hundred ,1 of 5% TSB was 22^^^^^™^^^ 
growth, and the plate incubated at 18°C : for 16 h Aftl < IT?* 
shaken vigorously to overcome mlJc^^^l 6 V he piate was 
MO* of bacterial suspension from ^X^^^^T ^ 
crotiter plate. Ten fd of 3- [4,dimethylthia Z0 l 2 vl 1 ? f h t «° another mi- 
bromide (MIT; Sigma) at ' 5 mg/ml *S 

wells and the plate was incubated in the dark for 1 5 mi l Z 1 ed to a11 

O.D. at 600 nm. Bactericidal activity Tf taS^^^^^ST™^ ^ 
ing the TO group mean from the T5 group mean with reSf. * 
bacteria killed. ' h resuIts pressed as % 

Leucocyte migration 

The migratory response of salmon kidney leucocvt^ tn Fr^v, « 
investigated using a mierochemotaxis chamber Kr^MD USA ).A 
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leucocyte suspension was prepared as described earlier and layered onto a 
34%/ 51% Percoll gradient. Following centrifugation, the phagocyte-enriched 
fraction at the interface was removed and washed twice in HBSS pH 7.4 con- 
taining phenol red. Cells from each fish were then resuspended to a final con- 
centration of 5 X 1 0 6 /ml in this medium. A 1 :50 solution of fresh salmon serum 
in HBSS was prepared and pipetted in triplicate into the lower wells of the 
chemotaxis chamber. Triplicate wells of HBSS alone served as controls. A 3 
pm pore size polyvinylpyrrolidone-free polycarbonate filter (Millipore, Bed- 
ford, MA, USA) was then placed over the bottom wells followed by a silicon 
rubber gasket and finally the upper wells. Forty-three pA of each leucocyte 
suspension was then added in triplicate to both the control and chemoattrac- 
tant-treated wells. The chamber was then incubated in the dark at 1 8°C in a 
moist chamber for 90 min. After incubation the filter was removed and the 
non-migrated leucocytes on the upper surface of the filter were scraped off by 
running the filter 4 times in a unidirectional manner along a rubber blade. 
Filters were then air dried, stained in Giemsa ( 10% in Gurr buffer pH 6.8; 
BDH) for 30 min, and mounted on microscope slides. For each fish, numbers 
of migrated cells were estimated by counting the number present in 5 X 1 mm 2 
fields of view in both control and chemoattractant-treated areas of the filter 
at x 400 magnification using an eyepiece graticule. Results were expressed as 
the number of cells migrating above background levels per mm 2 of filter. 

Plasma bactericidal activity 

Seventy-five pi of a suspension of A salmonicida ( 10 8 /ml in 3% TSB) was 
added to 25 p\ of plasma in triplicate in a 96-well microliter plate. Bacteria 
were also added to wells containing 25 pi of 3% TSB as controls. The plate 
was shaken and incubated at 18°C for 3 h, shaking hourly. The plate was then 
centrifuged at 150x# for 10 min and the supernatants removed. MTT (5 
mg/ ml H 2 0 ) was diluted 1 0-fold in 3% TSB and 1 00 pi was added to all wells. 
The plate was then incubated in the dark at 18 °C for 15 min and read in a 
multiscan spectrophotometer (MDC Thermomax) at 600 nm. Killed bacte- 
ria were quantified by subtracting the O.D. measured for each test plasma 
sample from the mean control O.D. Results were expressed as the % bacteria 
killed. 

Specific antibody response 

After 23 weeks on their respective diets, ten fish from each ration group 
were subjected to confinement stress, anaesthetised in benzocaine (25 pg/ 
ml) and fin clipped for identification purposes immediately prior to immu- 
nisation with formalin-killed A. salmonicida (5 mg/ml in PBS) by intraperi- 
toneal injection. Five control fish were similarly immunised. Ten further fish 
from each vitamin C status group were bled via the caudal vein at the time of 
immunisation to provide a basal antibody titre for each group. Five stressed 
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and unstressed immunised fish from each vitamin r * ♦ 
sequently Wed 29, 43 and 64 days dos L * ° StatUS grou P wer * sub- 
measured by adding 50/d of formalin-ki ^ uZT^ A f body titres w ^e 
/d aliquot, of fresh serum serially (Smr^^S^ 1 (I ° 9 ^D to 50- 
Following overnight incubation at 4°C the Li '°f ! 6 " we " micr otiter plate, 
positive reaction was taken as the titre AfothTJ ° f Serum & ivin g a 
killed and the livers removed for Zmkc^* 8 °* * **' flSh Were 

Statistical methods 

Vitamin effects, stress effects and vitamin /»* 
tigated by two-way analysis of variance ^ teractio ^ were inves- 

test where appropriate. ° 6 f °" OWed ^ Tuk ey's multiple range 

RESULTS 

No differences were observed in the mmiZ J? T 
fish fed the low (0.24% body weigh ^^^^amonggroups 

8 T day ), normal (0.21% body weig 
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TABLE ! 
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Control and 2 h post-stress values of liver vitamin Cfi*/.l n„n , 

.ments .nvolving salmon fed three different levels 0 f vitim fa C Rcl2* 8 ' UC0Se (m 6/dl) from exper- 
— — — — ; ^^ean S ± s(ilndard ^ 



Experiment Parameter Low 



Normal 



Control 



Leucocyte Liver 

respiratory vit C 
burst 

(«=5) Plasma 
glucose 

Leucocyte Liver 

bactericidal vit C 
activity 



Leucocyte 
migration 



Plasma 
glucose 

Liver 
vitC 

Plasma 
glucose 



Plasma Liver 
bactericidal vit C 



activity 



Plasma 
glucose 



14.4 
±0.7 

91.3 
±3.8 

10.2 
±2.8 

113.8 
+ 3.1 

8.8 
±1.8 

88.3 
±3.8 

8.8 
±2.2 

90.7 
±3.9 



Stressed Control Stressed r77~, " 

■ ___^^sscdControl stressed 



17.1 
±4.8 

189.0 
±10.9 

10.7 
±2.6 

204.5 
±9.7 

11.9 

±2.9 

198.8 
±3.8 

8.6 
±1.1 

193.8 
±3.9 



J 1 7.6 
±6.8 

71.7 
±5.3 

I00. 2 
±11.1 

121.7 
±4.1 

133.0 
±7.4 

82.4 
±3.0 

119.4 
+ 6.9 

85.6 
±2.7 



I J 2. 1 

±3.9 

199.0 
±11.1 

IJ0.7 
±10.6 

220,5 
±11.5 

128.2 
±7.6 

189.7 
±4.3 

124.7 
±7,3 

181.7 
±2.7 



257.4 
±17.3 

88.2 
±3.8 

251.9 
±9.1 

108.4 
±6.2 

225.4 
±10.4 

82,0 
±3.0 

215.9 
±6.8 

90.9 
±3.1 



TABLE 2 



251.2 
±21.2 

194.6 
±7.4 

232.2 
±9.1 

206.0 
±7.4 

218.2 
±6.8 

191.4 
±5.6 

220.5 
±6.8 

187.9 
±3.3 




Control Stressed Control ~^ T~ " 

~~ " stressed 



Lymphocytes <%> 89 . 6±2 . 0 9^7^^-^—^ ^ 

xi oo.hxzu 87.2+ .6 9?-)+nt. 

Neutrophils and 1 ±a6 

, 8+13 



day ) and high (0.23% body weight day- 'Wiw ca- 

contmued to feed normally throughou, ,he Iko^L? ""f, A " * ree 

of scohos.s or lordosis in the grouo fed th?f and the "=was no sign 

Vi 1 )> with signif- 
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Low Normal High 

Vila™ C status of diei 
Q Con.ro, s , ressed 

Fig. 2. Respiratory burst activity of head kidnev I 
so,™ red ,„« dltle™, Mof vilamin c 

icantly more vitamin C being present in th.„ r 

compared with the norma. groZ ^O o n L^ " *? Wgh d ° Se grou P 
with the low dose group (P< 0.001 ) S£fT I . 8KUMn « 
liver and kidney in the deficient and normal ™ Vlta - mm C betwee " *e 
significantly higher levels (i><C 05? ^S^«T^!T ttlr (Fig ' 1) ' bu « 
the liver of the gronp fed the high v amin C d « rh n ^ COmparedwith 
mdicate that liver levels were b£orJ^Z^i^Tr°^7 ati ° nS ^ 
tamin C diet. B "lurated m the fish fed the high vi- 

Liver vitamin C levels were found to be unafWrf u i , 
stress (Table 1 ) and a pilot stndy showed tZ ^tt ? L } CMfln ™«>t 
levels were also unaffected by a 2 h confTneml ' d k ' dney vitamin C 
a daily basis for several consecutiv days ZnnhhS 7? ^ appIied » 
glucose concentration in the control fish was foS , ^ *?* ' The pIasma 
range of diets in all experiments (Table 1 T inH V , ° ? S ™ ilar across 
ference in the underlying streafsSufof' n uTSn ^ n ° d ' f " 
Similarly, .he magnitude of .he hyperglycaemic re.pVn^To'co^nTS 
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Low Normal High 

Vitamin C status ol diet 
□ Control (2 Stressed 

Fig. 3. Bactericidal activity of head kidnev derive . • . 

ted , Mlr ^ , evelsof vi „ j.?. sssssrssssr " rr- 

* ioi i j. sum uara error 

Is) was found to be 

may be no difference in the suscepSty 0 f tl e fhrJ that there 

to stress. cpaouity of the three Vitamin C status groups 

Blood samples taken 2 h after the onset nf ™„f; 
there was a significant change i th come llT ^TT* Stress showed that 
The % lymphocytes was elevated IX ^ Cyte po P ula «on. 
pressed in the stressed fish <^m^J^^^^^^ sup- 
ble2). P mm me control groups (/>< 0.05) (Ta- 

Non-specific cell-mediated immune responses 

Phagocytes isolated 2 h after the nn^t nf nn r 
nificauUy reduced ability to undergo "Te so rl k men ! StreSS show< = d a 
with cou.ro, fish (Fig. J), rtSr^^Sffi^^^ 0 ? 0 ™ 
prox.mately 40% across the three vitamin C statu, 2 P roduct,on of "P- 
p.ratory burst activity was rouud to fj& tZS^Z^ £ 
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20 - 



Low Normal High 

Vuamin C status ol del 
□ con.ro. (2, Suesse(j 

tus and there was no evidence of any vitamin C m«r . a 
immunosuppression. Leucocyte bacte SLci^ a , me,ioration ^ this 
duced by stress (P<0.05) (Fig 3 ) Zt h I * y Was a,so si gntfcantl y re- 
activity of around 5 0 o/ 0 across the to iSL^^ 1 *^ ia "acteriddal 
bactericidal activity was found to be indeSen ^ f ° - PS ' 0nce again, 
there was no evidence of any vitamin St ? amin C status «>d 
munosuppression. Migration of HK-derivS u ameJlorati on of this in> 
was found to be unaffected by y^££%£ * « ^mu, US 

Non-specific humoral immune response 

msma samples taken 2 h after the onset nf ™ r 
to have a significantly elevated pllsm a ba cK^T* Were ^ 
pared w,th samples from control n™(^T^h ^<0.05) com- 

tencidal activity of approximately 50% across th P ^^an increase in bac- 
groups. However, plasma bactericidal actfvky V^r^T™* C status 
of vitamin C status, although there wTjZlZ F 1° be inde P^ent 
activity in the group fed the low vitamin C dfet " deCr6aSed ,evels of 
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80 - 



5 



o 




Low Normal High 

Vitamin C status of diet 
f~] Conirol ^ Stressed 

Fig. 5. Bactericidal activity of plasma obtained from controls and 1 h ™*, 

different levels of vitamin C Data are expressed as n^^^Ll^^^ ^ *"* 
TABLE 3 

Antibody litres (log 2 ) from control and stressed (al limcof imm.ini.n,- , , 

levels of vitamin C measured on days 29 43 and 64 ST ° n M,mon fed different 

fish! standard error d 64 Wmmunisation. Data arc means of 5 



Days post 
immunisation 



Low 



Normal 



Control 



Stressed Control 



Day 29 
Day 43 
Day 64 



4.4 ±0.4 
9.2±1.| 
9.4±|.| 



5.010.3 
8.4±0.7 
7.0 ±0.7 



5.2±0.5 
8.6+ 1.0 
7.610.4 



High 


Stressed 


Control 


Stressed 


5.8±0.5 
6.2±0.4 
5.810.8 


5.4±0.2 
7.0 ±1,4 
6.6-11.2 


5.0±0.0 
5.0±0.6 
5.8-10.7 



Specific antibody response 

A 2 h confinement stress immediatelv nrior t n ■ 
ntalin-kiUed A. salmonicida was not reXed „ any XZtT W " h ^ 
body Utres in any of the three vitamin C status Z^Z l^iZZ 
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sation and there was no evidence of any effect nfuitn • ^ 
titles (Table 3). Forty-three days posUm IX I mi " Cstatus on antibody 
fish were found to have significant l^^T'} 0 ^^ the «"*ed 
pared with the controls, reflecting r^f^ tltres <*<0.0l) corn- 
circulating antibody across the three vitamt c 2 ° % in ,CVels of 
Significantly higher titres were found in the fish S3 th 8 , r ° UPS : In addition > 
compared with those maintained on the hieh v£, ^ W VItamin C die * 
four days post immunisation, no significant eKf t (/>< ° 01 } ' Sixt ^ 
tus were apparent in the antibody ^^^5^ ° r Wtamin C Sta " 
those observed at day 43. Background fit £ in ^ Tr Simi,ar to 
groups were negligible ( <2). ^immunised fish from all 
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Salmon lack the en2yme L-gulonolactrw ft vi^ , , 
or no ability ,o synthesLe vitaLn C (D abr oS ?99nf T?*™ haVC " ttfe 
ent.re requirement must be provided in the diet Thi. ' ' means that the 
fed the low vitamin C diet where liver and k dnl I" 38 apparent ia »* 
of < 20«/g were found. Liver leve Is of < 5 ™ yf-, am ' n ., C conc »'ratio„s 
deficiency in Atlantie salmon wfai&fT'f'T^*"'* 1 ** 
of scoliosis, lordosis or loss of appetite in die low J£ therf L was n0 e »'dence 
the present experiment. This lack of a elmtaS X? 1 ° sta,us group in 
growth rate of this group which was comparalfe t hT f refleCted in ,he 
mal and high vitamin C status groups ?U S hi, ,J f 1^ ' eVCd by ,he no '- 
rates may have resulted in more pronounced £ f£ ^"^vARc growth 
have shown that tissue levels of P viS 3? ^f* F^ious studies 
with no significant evidence of a saturation Stf"* 
mum ration level of 2.75 g/kg diet fLaH « »i ,oo n !f er 8 ln S »P to a maxi- 
this investigation, liver an kidney vFtam n Ccl^ ^ Ct al '' 1991 >• In 
both the low and normal vitamin C slZZLT^™ 1 ™ were similar in 
significantly lower than that found taSfffi h ma ^on — 
vttamin C diet. This suggests that the liver nt?belt\ $t ° aP M the hi S" 
vttamm C levels are increased above 2.75 g/te diet me satttra "< 1 if 

The relationship between Cortisol » n H „u , 
mented, but available cyiden^^L^ 8 UC0Se is P 00 ^ docu- 
high levels of plasma glucose S^^X^d^^lS 
mterrenal level of vitamin C is a limiting fecS in h ^ I980) ' If the 
synthesis of Cortisol, one would expTc ^ ^GnSTlIer tT'f T ° f the bio ~ 
post stress in the group fed the high v tan n C dZll gIucose 
the normal and low vitamin C diets. Evince tl^T^^ those fed 
ameliorates the effects of stress i a dose der L„L ? miD C lS ,imitin S and 
poultry literature (Brake et al.. 1992) In thflZ ♦ m&mer exists in the 
nitude of the hyperg.ycaemic respond J^K^S^^ 
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vitamin C status of the fish, providing indirect p v ;h^ +u . ■ 
involved in retarding the ^ttel^^ 6 ^^^ C j* ™* 
measured m the control and stressed fish in this ; stud ar "i ™ g,UC0Se Ievel * 
those m the literature (Pickering et al., , 982; K^^ 9 ^ nt With 

The haematological changes resulting from 2 h of I„r } ' 
found to be minimal, with a slight eleva fion observe U tnT"' f ^ WCre 
culating lymphocytes. A similar elevation in ZnumbZ nf ° f dr " 

Phocytes was observed to precede a period of DroIonT^ C ' rcU,atin8 ,ym " 
stressed trout (Pickering et al., 1982) P roI ™ged lymphocytopenia in 

Respiratory burst activity of phagocvteswac-frxMn^f u 
40o/o in the stressed fish, and a redS hash^ , ° be feduCed ^ abou * 
bass (Stave and Robertson, lMsTwSnh^fJ 1 ? reP ° rted in Stressed 
This suppression of the 1^^^^^ (An8 f! idis et ^> 1987). 
about 50o/o in leucocyte baLiS^^^ mp ^ by 4 redllCtion of 
0 2 " radicals during the respiratory bu Z L ° f ^ t0xic 

principal mechanisms by which ph^^^^ttT * ° nC ° f the 
^ used in the latter experiment (sL^S SeSmSS^ " W 

The mechamsm by which Cortisol suppresses nhn^T/ r 
understood. In mammalian systems ^<Snf u^ te funcUon is "<>t well 
brane permeability of leucocytes and SS^J^ th°/f ^ ^ mem " 
many metabolic precursors including glucZ ?Mnn l change of 

sides (Makman et al., 1968) as well a f x Stin^i 9?0 3 " d nucleo ~ 
production (Nordeen and Young 1 976 ) 8 de,etenous ef kcts on ATP 
tein (MacDonaldand Cidlowski, 1982) ItTiik^f^ Catabo,ism of pro- 
of Cortisol occur in fish phagocytic cells an, 1 some of ^ese effects 
thereof could account for a l^^o^^lt^ * Combina *on 
study, the vitamin C status oTthe fish fid In IfkcZnT 
Phagocyte respiratory burst activity or bactericide ? magnitude of 
evidence of vitamin C-mediated amelioraZ k ,ty ' n ° r Was there a "y 
sion of these immune panmirt^S^l^ »«cluced suppres- 
evidence that high levels of vitamin C in tZ intr Pf0vides furthe r 

biosynthesis of Cortisol in fish mterrenal tissue cannot retard 

migration i„ fish, and differs from Idies nvolv „I V " amin ,° °" le " coc ^ 
oocyte migration is significantly CS??^ Which leu " 
vitammC (Johnston and Huang |» S an ' ma,s fed low '"els of 
feoted by stress, in contrast to a pVevTou s studv i„v n e , m ' grat , i0n Was a,s0 
comso! (MacArthur and Fletcher, 1 98 The, Trl , 8 P ' a ' Ce injec(ed wit " 
ston of leucocyte migration means that no cone u s i^ reSS "' n . dUCedsup P res - 
these data concerning the role of vitamin Cin«^ m *? be drawn from 
obvtous benefit to be gained from feeding ell^TtVT' but there is 1,0 
context ofthis immune parameter ' eVds of v ' lam in C in the 
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Plasma bactericidal activity waq fn„^ + i. 
This may be attributable to elevated leve s of * the Stressed 

response to some stressors (Mock and Peters Q?m * • Whi ° h Can occur 
salmomds has been shown to be bacterS L /' S1 f e the ^^yme of 
1989). There was no significant J^clT^rlZ l ™ 1 ™ 0 ™"" (G ^> 
activity as has also been reported by Lall TTn oZ P f l ma bacte ncidal 
peared to be reduced levels of bactericide Zt;-} V' aliho ^h there ap- 
tamin C diet. Since complement ^S^V 1 the fish fed ^ low vi - 
from salmon fed a low vitamin C d L a com n a °k7 * 56 Ieduced in 
1991), this could account for this phenomenon rt (Hardie et a!., 

tericidal activity observed in the stressed I fiS T' CnhaDCed plasma bac- 
be immunosuppressive, and mVeSe f 655 need not a1 ^ 
angidllarum observed 24 h post stress n r a S lncreased resistance to Wfrfo 

Specific antibody levels 4 3 tTpZ iZu2 5°* ^ rt < 1 9 ^ 
pressed by stress, as observed in seve4,7rS ^ f ° Und to be 
1982; Maule et al., 1989), although he ^ ^ MiJJ ^ and Tripp, 

Presses lymphocyte function i^yTfi^SZ I ^ su > 
and antibody production by lymphocytes CSff° 8en reSp ° Dses 
depressed and this loss of responsiveness wa?H ZT ? h are ^"cantly 
Phocytes rather than on macrophages ( Hlsaes^r! a 'J"™* Cffect °» 
appears to inhibit antibody P roaucdoV^ Z and CIem ' 1986 )- Cortisol 
pool. This effect is reversib" ££2£5» ° f ? e B ceI1 P~ 
a possible lesion in interleukin production hi T ed media » ^icatmg 
and Tripp, 1987). Significantly ele^ (Kaatta * 
munisation in the fish fed the low vitamin C dlt ° y 43 days post im ~ 
high levels differs from studies ahaiZ^J^Tg*^ Whh those fed 
Hardieetal, 1991 ), or elevated ZZZ^TrftV^ et ^ 
tamin C (Navarre and Halver, 1 989 ) Thh ™ \ f Sh fed h,gh IeveJs of * 
tration of vitamin C in the high vitamin C <Z? ^ t0 the ni * her ^ncen- 
other studies mentioned. This 5^2^^^^ 
nance offish on very high levels of vitamin rZ u 1 pterin mainte- 

In conclusion, this study has S^ wdB ^** 
stressor prevalent in the WuzcJ^M^?™ ^ ^ the kind * of 
sive. There was no evidence that vXL£ C ZZ irarau ^uppres. 
fion of the immune system that Zt^ d ° Wn ^ 

mg the theory that vitamin C does not n lav a In finem ? nt stress « support- 
the primary stress response in fish (Dabrowska et * t^J* re ^ 1 ^ 
significant increase in immunocompetent thfr u 91 1 The lack of a «y 
vitamin C diet casts some doubt ^SL^ ° n the hi * h 
this vitamin. 6 value of feed ™g elevated levels of 
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Abstract 

Twenty-five undergraduates and university staff (15 females, 10 males) volunteered to take part in a study 
I examining the effects of a short-term mental stressor on the activation . of neutrophils in peripheral blood, as 

determined by the oxidative capacity to reduced Nitro-blue Tetrazolium (NBT). Participants were assigned to one of 
two groups, an experimental group (n = 17) and a control group (n = 8). Subjects in the experimental group were 
subjected to a time-constrained mental stressor and finger-stick blood samples were taken on four occasions. Those 
in the control group did not complete a stressor task and only experienced the four finger-stick blood samples. Heart 
rate was recorded at 5-min intervals as a general indicator of arousal. Examination of the stained blood samples 
showed that a short-term stressor resulted in significant increased activation of neutrophils, which returned almost to 
baseline levels on completion of the experiment. In contrast, the control group's neutrophils showed no significant 
i change in activation throughout. The results support the hypothesis that short-terra, acute stressors may activate 

neutrophils. © 2001 Elsevier Science B.V. AJI rights reserved. 
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1. Introduction 

Early research into the relationship between 
stress and illness suggested that potential media- 
tors were the stress hormones, such as Cortisol, 
adrenaline and noradrenaline (Cannon, 1932; 
Selye, 1956, 1976). Current literature suggests that 
exposure to hostile conditions or other psycholog- 
ical stressors, initiates the secretion of several 
hormones, including Cortisol, catecholamines, 
prolactin, oxytocin and renin, as part of the sur- 
vival mechanism (Van de Kar and Blair, 1999). 
Increasingly, evidence suggests that in addition to 
the stress hormones, other factors such as nitric 
oxide (NO) modulate the immune system 
(Lopez-Figueroa et al, 1998). Most of the re- 
search in this area has focused on components of 
the specific immune system (i.e. antibody titers), 
or natural killer cell (NK cell) activity. However, 
NK cells only represent approximately 1.% of the 
population of leucocytes in blood plasma. Anti- 
bodies too are only produced in significant num- 
bers, in response to specific pathogens. In con- 
trast, polymorphonuclear leucocytes (PMN), and 
in particular neutrophils, represent between 50 
and 70% of the total population of leucocytes in 
blood plasma. By responding rapidly to 
chemostatic stimuli, neutrophils have the ability 
to migrate though endothelial cell walls to sites of 
infection. They are also the most abundant cell 
population in acute inflammatory responses (Al- 
berts et.al., 1994). There have been few reported 
studies on the potentially damaging effects of 
stress-induced activation of neutrophils. 

PMNs are widely appreciated for their benefi- 
cial effects on human health. For example, the 
potent antimicrobial activity of the neutrophil is 
now recognised (Alberts et al., 1994). Recently, 
however, the potentially detrimental effects of 
neutrophils have been implicated, at least in part, 
in a number of diseases, that may involve the 
destruction of tissues. These include adult respi- 
ratory distress syndrome, myocardial infarction, 
rheumatoid arthritis, gout, emphysema, glomeru- 
lonephritis, inflammatory bowel disease, asthma, 
immune vasculitis, neutrophil dermatoses, and 
thermal injury (Malech and Gallin, 1987). 
Several ways exist in which neutrophils might 



induce tissue injury. The major possibilities in- 
clude production and release of toxic oxygen 
metabolites, granular components, or products of 
arachidonic acid metabolism. Neutrophils may 
contain as many as 50 proteolytic enzymes, with 
an overwhelming capacity for destruction (Weiss, 
1989). Consequently, when neutrophils are ex- 
posed to one or various stimuli, a process occurs 
which is similar to the reaction following inges- 
tion of bacteria, except that the reaction appears 
to be directed extracellularly into the surrounding 
tissues rather than internally into phagocytic vac- 
uoles. Thus an activated PMN leucocyte could 
damage surrounding tissues. 

Many animal models have implicated neu- 
trophils in tissue injury (Schraufstatter et al., 1984; 
Siuha et aL 198S), Similarly, many animal models 
have shown a role of oxygen-free radicals in tis- 
sue injury" However, whether neutrophil-derived, 
oxygen-free radicals act directly or whether they 
act indirectly via proteinases (e.g. by activating 
proteinases or inactivating antiproteinases) re- 
mains unclear. Differences in neutrophil pro- 
teinases, as well as the antiproteinases have been 
noted in different species (Abramson and 
Wheeler, 1993). Furthermore, caution must be 
applied in extrapolating animal data to the hu- 
man situation. 

It has been understood for several years that 
the number and distribution of leucocytes in the 
blood increases during a physical stressor, such as 
exercise (Shepliard and Shek, 1996). Gleeson and 
Cave l)W2l Gleeson et al. (1993) demonstrated 
that physical exercise induces leucocytosis from 
the martiina! pools. However, non-physical stres- 
sors haw iv.w. ;iiso been shown to influence the 
number ami distribution of leucocytes in the 
blood. Dii:.iih:ir et al. (1996) and Kang et al. 
(1996. 1 "■*;'•■ n:ivc found that the mental stress of 
acaderm; exi-.mmations and short-term acute 
stress u <i:r:. i-.:i\: u> induce increases in the num- 
ber am: ds^T'^ution of leucocytes. These changes 
were four... r\ oou; rapid and reversible. Kang 
er. al. U l >-/<- tna; superoxidase production 

in ncuiropr-i .• in^as-d in those undertaking ex- 
animations 

Activate r.emronhiU can be identified in blood 
samples usip-- the Nuro blue Tetrozoiium (NBT) 
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reduction assay (Chanine et ai., 1996). NBT is a 
soluble compound which, in the presence of re- 
ducing agents, changes from a yellow to a dark 
blue formazan pigment. This test measures super- 
oxide anions released during the oxidative burst 
by neutrophils (Chanine et ah, 1996). Recent 
studies have demonstrated that the NBT reduc- 
tion assay is a reliable measure of activated neu- 
trophils in whole blood (Delano et al., 1997; 
Takase et al, 1999). Using this test it is possible 
to distinguish between activated neutrophils from 
non-activated neutrophils by observing changes in 
visual appearance, when viewed under a light 
microscope. Activated neutrophils are distin- 
guished from their non-activated" counterparts by 
blue-blaclc stained granules in the cytoplasm. 

Research has shown that increases in cardio- 
vascular function may occur in response to psy- 
chological stressors (Gregg et al., 1999). Conse- 
quently, measures of heart rate may be con- 
sidered an appropriate, albeit somewhat general 
indicator of a stress response. The procedure in 
this experiment requires the obtaining of finger- 
stick blood samples at four times. The very nature 
of this procedure is potentially stress inducing. 
The inclusion of a control group, who did not 
receive the stressor task, but who were required 
to provide blood samples, allowed for an investi- 
gation of this possibility. The stressor task used 
was the advanced progressive matrices, set II of 
Ravens (1994). A- written visual-spatiaJ task com- 
prising, of 36 questions, on which a 15-min time 
constraint was imposed. A pilot study had shown 
that participants would be unable to complete the 
task in the time allocated to them, thus increasing 
the likelihood of a stress response. The aim of 
this study was to examine the effect of a short 
period of stress (15 min) on the activity of neu- 
trophils. It was hypothesised that a short period 
of acute psychological stress will increase the 
percentage of activated neutrophils. 

2. Method 

2.L Design 

A repeated measure design was implemented 



with two groups; an experimental group and a 
control group. The independent variable was the 
extent to which physiological arousal was induced 
by a time-constrained performance test (the stres- 
sor). The dependent variable was the percentage 
of activated neutrophils. It was predicted that 
significantly more neutrophils would be activated 
immediately after administration of the perfor- 
mance test (the stressor) than were activated af- 
ter relaxation. 

2.2. Subjects 

The sample comprised of 25 undergraduates 
and university staff. Ten participants were male, 
aged 20-62 years (mean = 28.8). Fifteen partici- 
pants were female, aged 20-54 years (mean = 
28.7). Four females and four males were ran- 
domly assigned to a control group (n = 8). The 
remaining participants (/i = 17), 11 females and 6 
males were assigned to the experimental group 

2.3. Procedure: experimental condition 

Upon arrival at the laboratory, participants 
were briefed regarding the nature of the experi- 
ment, i.e. examining the effects of task-specific 
performance on neutrophils activity, and asked to 
sign a consent form. A heart rate transceiver 
(Polar, Heart rate monitor) was attached directly 
to the chest and heart rate was monitored. Partic- 
ipants were seated, asked to make themselves 
comfortable, close their eyes and breathe ortho- 
nasaily. This procedure was carried out for a 
period of 5 min, in order to minimise possible 
stress levels experienced prior to, or upon arrival, 
at the laboratory. At the end of this period base- 
line heart rate was recorded and the first blood 
sample taken (see Section 2.6). Participants were 
then instructed to complete the stressor task 
(Raven's Advanced Progressive Matrices task; 
Ravens. 1994). An answer sheet was provided for 
this purpose. A 15-min time constraint was im- 
posed for completion of this task. During this 
period, heart rate was recorded at 5-min intervals. 
Upon completion of the test, heart rate was 
recorded again, and a second blood sample was 
talcen. Two further blood samples and heart rate 
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measures were taken at 5- and 10-min intervals 
post-test. A thorough debriefing was provided 
prior to participants departing the laboratory. 

Microscopic examination of the samples was 
undertaken (40 X mag.). Counts of the total num- 
ber of observed neutrophils (never less than 100 
cells), on each slide, for each participant, at each 
time point, were made. The total number acti- 
vated was also recorded in each of these counts. 
From this data a mean percentage 'activated' was 
derived, for each participant, at each measure- 
ment epoch. 

2. 4. Procedure: control condition 

Participants in the control condition underwent 
the same procedure as those in the experimental 
condition but were not required to complete the 
stressor task. Instead they were asked to sit qui- 
etly for the remaining 25 min of the experiment. 
Heart rate monitoring and blood sampling was 
carried out in accordance with the procedure for 
the experimental group. At the end of the experi- 
ment, participants were debriefed and the sam- 
ples were examined as described above. 

25. Sample procedure 

Finger-stick blood samples were taken on four 
occasions: initial baseline; immediately upon 
task-completion; 5-min post-task completion; and 
10-min post-task completion. The finger-stick was 
taken from a cleaned, dry fingertip, using a Soft- 
click and lancet (Boehringer Mannheim, Soft click 
pro. and lancets). The first drop of blood was 
wiped away (for 'good practice 1 to eliminate possi- 
bly damaged blood cells caused by the finger- 
stick). Little or no pressure was applied to the 
finger to obtain the samples. Samples were col- 
lected in a Gilson pipette (20 pJ), mixed with 20 
jxl of Nitro-blue Tetrazolium and smeared gently 
onto two glass slides 

2.6. Blood sample protocol 

The staining of the blood samples with reagents 
was necessary, soon after collection. Finger-stick 
blood samples (20 pJ) were mixed with an equal 



quantity of Nitro-blue Terazolium (NBT) (Sigma 
Diagnostics cat. no. 840-10) diluted at 1 mg/ml 
with phosphate buffered saline 0.9%. These sam- 
ples were placed on microscope slides, incubated 
at 37°C for 10 min, and then air-dried (two sam- 
ples were made for each participant at each time). 
Once dry the samples were flooded with Accus- 
tain Wright stain Modified (0.3% w/v buffered at 
pH 6.9 in methanol. Batch no. 096 H4372) and 
rinsed with distilled water. 



3. Data analyses 

Data are expressed as means ± S.D. Statistical 
analysis was performed with the statistical pack- 
age for social sciences (SPSS Inc., Chicago, USA). 
Data comprised pairs of means from two groups 
(control and experimental) at set time points (four 
for activation and six for heart rate). Multivariate 
one-factor analyses of variance were carried out, 
looking at contrasts for individual components. In 
order to test for violations of ANOVA assump- 
tions the data underwent the Box's M test, Lev- 
ene's test and Bartlett's test of sphericity 
(Tabachnick and Fidell, 19961 Statistical signifi- 
cance was assumed at P < 0.05. 



4. Results 

Both the activation and the heart rate data 
were subjected to exploratory data analysis to 
insure robustness and normality of the data. In 
both cases the results of Box's M and Levene's 
test were not significant, Bartlett's test of spher- 
icty was significant (P > 0.001). Therefore it was 
deduced that ANOVA assumptions had not been 
violated. 

4.1. Activation data 

The data obtained from the NBT test revealed 
that the mean percentage of activated neutrophils 
increased in the experimental group when com- 
pared to the control group. No significant differ- 
ences were found between the sexes or for the 
age of the participants (data not included). Table 
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Table 1 



The mean percentage of activated neutrophils at the four measuring time points 8 



Measuring 

time 

points 


After a period 

of relaxation 
(baseline) 


At the end of 
the stressor 
period 


5 min after 
the stressor 
period 




10 min after 
the stressor 
period 






Mean% 


S.D.± 


Uc:m% S.D± 


Mean% 


S.D.± 


Mean% 


S.D.± 


Experimental group 
(n = 17) 


37.56 


455 


59.99 4.1.9 


46.70 


4.57 


40.87 


3.36 


Control group 
(n-8) 


38.35 


4.90 


37.47 5.54 


36.75 


5.38 


39.80 


5.53 


Significance 


NS 




P< 0.001 


P< 0.001 


NS 





a Comparing the experimental group with the control group and also showing ± standard deviation (S.D.). 



1 summarises the comparisons of the means and 
standard deviations of the two groups. Statistical 
analysis of the means reveals a significant change 
in activation and a significant change between the 
groups during the period of the experiment {F = 
556.74; d.f. 4,20; P< 0.001.) (F=130; d.f. 4,20; 
P < 0.001). Analyses of the pairs of means from 
each testing point shows that there is no signifi- 
cant difference between the groups after relax- 
ation (baseline). However, as predicted, the mean 
percentage activation had significantly increased 
by the end of the stressor (F « 128.12: d.f. 1,23; 
P < 0.001). There is still a significantly elevated 
level of activation in the experimental group 5 
min after the stressor (F- 23.09; d.f. 1,23; P< 
6.001). Levels of activation have returned to near 
baseline 10 min after the stressor and are not 
significant. 

42. Heart rate data 

No significant differenced were found between 
the sexes or for the age of the participants in this 
experiment. Table 2 compares the mean and stan- 
dard deviation of the heart-rate data of the two 
groups. It can be clearly seen that the heart rates 
of the experimental group increased during the 
stressor task. Statistical analysis of the data re- 
veals that there was a significant change in heart 
rate between the groups and during the period of . 
the experiment {F - 246.81; d.f. 6,18; P < 0.001) 
(77 = 9.42; dLf. 6,18; P < 0.001). Analyses of the 



pairs of means at each measuring point reveal 
where the significant differences lie. There was 
no significant difference at the first time point 
(baseline). However, during the stressor task there 
was a significant increase; at 5 min (F = 4.43; d.f. 
1,23;- i? = 0.05), at 10 min (F=9.05; d.f. 1,23; 
P < 0.05), and at the end of the stressor (15 min) 
(F = 9.05; d.f, 1,23; P.< 0.05). Comparison of the 
pairs of means 5 and 10 min after the stressor is 
not significant. Therefore, it can be deduced that 
as predicted the stressor task increased heart 
rate, which returned to normal a short time after 
the task. 



5* Dnscussaon 

The results revealed a marked increase in the 
activation of neutrophils in response to a short- 
term acute psychological stressor. In contrast, 
measures obtained in the control condition 
showed there was little or no change in neu- 
trophil activation. Consequently, these findings 
support the hypothesis that a short period of 
acute psychological stress, as provided by the 
Raven's test, is sufficient to increase the activa- 
tion of neutrophils. Also, as expected, an exami- 
nation of the heart rate data clearly showed an 
increase in heart rate during the stressor task. 
Whilst, no significant changes were observed in 
heart rate amongst subjects in the control condi- 
tion. The results support the proposition that it 
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was the stressor task not the finger-stick proce- 
dure that induced the increase in percentage acti- 
vation of the neutrophils. There was a high de- 
gree of variability between individuals for heart 
rate measurements, possibly due to the situation. 
However, without exception all participants in the 
experimental group recorded an increase in heart 
rate during the stressor task. In contrast those in 
the control group remained at or near baseline 
throughout. 

Dhabhar et al. (1996) suggested that specific 
receptors expressed on the surface of the neu- 
trophil may be responsible for increased cell 
numbers in peripheral blood. Since neutrophils 
have a number of receptor types expressed on 
their surface, in particular beta-adrenergic, these 
may be responsible for the increased activation. 
Gregg et al. (1999) proposed that different types 
of stressors, psychological or physical, induce dif- 
ferent physiological responses through adrenergic 
receptors. The type of stressor used in this inves- 
tigation is ' beta-adrenergic', and is characterised 
by the relaxation of smooth muscle, but increas- 
ing contraction of cardiac muscle. Thus, promot- 
ing an increase in cardiac rate. Passive physical 
stressors, such as the cold pressor test (immersion 
of the forearm in cold water) (Gregg et ah, 1999), 
are described as alpha-adrenergic, causing con- 
traction of smooth muscle; a vasoconstriction ef- 
fect (Gregg et al. 3 1999). It is reasonable there- 
fore to deduce that beta-adrenergic receptor sites 
on neutrophils may be involved in their activa- 
tion. However, further research needs to be un- 
dertaken to elucidate these factors. Indeed, many 
other contributory factors may be involved. Kang 
et al. (1997) observed fluctuations in the levels of 
cytokines, interferons and interleukins during 
stressors. These to may contribute to the mecha- 
nism for the stress-activation of neutrophils. 
Sendo et al. (1997) reported that psychophysical 
stress modulates the apoptosis of neutrophils. It 
is suggested that prolonging their active life, facil- 
itates the bactericidal activity of the cell. How- 
ever, inhibition of neutrophils apoptosis may in 
turn accelerate tissue toxicity by these cells dur- 
ing inflammation (Sendo et al., 1997). Further 
research into this area is necessary before it is 
possible to obtain a thorough understanding of 



the relationship between neutrophils activation 
and stress. 

Following activation, the neutrophil's mem- 
brane-bound nicotine adenine dinucleotide phos- 
phate (NADPH) oxidase system begins to gener- 
ate large quantities of. superoxide anion. Almost 
simultaneously, neutrophil granules fuse with the 
external membrane at sites of activation and tox- 
ins are released into the extracellular medium. As 
a result, host-tissues are directly attacked by PMN 
leucocyte-derived toxins (Weiss, 1989). 

In conclusion, there has been a paucity of 
research into the role of neutrophils in health 
and disease. Our research is the first reported 
study on the effect of a short-term psychological 
stressor on PMN leucocyte activation. We have 
observed that a short-term stressor lasting only 15 
rnin is sufficient to activate the most abundant 
leucocyte in the body, the neutrophil. The neu- 
trophil plays a pivotal role in protecting the body 
against disease. Once activated, the neutrophil 
would .be unable to respond to opportunistic in- 
fections, e.g. invading bacteria, thus would render 
the body more susceptible to disease, as well as 
possible tissue damage from released enzymes 
and metabolites. 
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